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The  scientific  data  obtained  from  the  OVl-17  satellite  are  the  result  of 
efforts  of  a large  number  of  people,  many  of  whom  have  never  been  recognized 
as  authors  or,  perhaps,  even  in  Acknowledgments  in  scientific  papers.  The 
OVl-17  satellite  was  designed,  fabricated,  and  tested  by  the  Convair  Division 
of  the  General  Dynamics  Corporation,  San  Diego.  The  program  was  sponsored 
and  directed  by  the  Air  Force  Office  of  Aerospace  Research  (OAR)  and  was 
contractually  monitored  by  the  Air  Force  Space  and  Missile  Systems 
Organization  (SAMSO),  Launch  support  was  provided  by  the  SAMSO/SESP 
(now  the  Space  Test  Program)  organization.  Orbital  support  was  provided 
by  the  Eastern  Test  Range  of  the  Air  Force  National  Range  Division.  None 
of  the  results  that  were  obtained  by  The  Aerospace  Corporation  and  other 
scientists  would  have  been  possible  without  the  wholehearted  cooperation  of 
these  groups.  Additionally,  the  successfully  analyzed  Aerospace  data  were, 
in  large  part,  the  result  of  outstanding  efforts  by  those  engineers,  technicians, 
and  support  personnel  who  participated  in  the  design,  fabrication,  testing, 
and  calibration  of  the  experiments  flown  on  the  OVl-17  satellite. 
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I.  INTRODUCTION 


A payload  of  twelve  experiments  was  launched  in  March  1969  onboard 
the  U.S.  Air  Force  OVl-17  satellite.  The  major  purpose  of  this  payload 
was  to  conduct  a number  of  investigations  concerning  Ihe  earth's  atmosphere 
and  magnetosphere,  the  sun,  and  environmental  effects  of  space. 

The  payload  consisted  of  seven  experiments  supplied  by  the  Space 
Sciences  Laboratory  of  The  Aerospace  Corporation  and  one  experiment  each 
supplied  by  the  Space  Sciences  Laboratory  of  the  University  of  California, 
Berkeley,  the  Air  Force  Materials  Laboratory,  and  the  Air  Force  Aerospace 
Research  Laboratory.  The  Air  Force  Geophysics  Laboratory  had  two  experi- 
ments on  board  the  OVl-17  satellite  as  well. 


The  seven  Aerospace  ejqseriments  were  designed  to  make  measure- 
ments primarily  of:  (1)  solar  x-rays,  (2)  energetic  precipitating  protons 
and  electrons,  (3)  low-energy  precipitating  protons  and  electrons,  (4)  the  O2 
and  Oj  altitude  distribution  in  the  earth's  upper  atmosphere,  (5)  far  ultra- 
violet atmospheric  radiation,  (6)  earth  horizon  ultraviolet  dayglos,  and 
(7)  earth  horizon  visible  nightglow.  The  other  experiments  onboard  were 
designed  to  make  measurements  of:  (1)  dc  cind  low-frequency  electric  fields, 
(2)  property  changes  of  thermal  control  coatings,  (3)  CdS  solar  cell  efficiency, 

(4)  extremely- low-frequency  (ELF)  propagation  in  the  ionosphere,  and 

(5)  radar  meteor  trail  calibrations. 

The  OVl-17  satellite  was  launched  at  0747  UT  on  18  March  1969  in 
a triple  configuration  along  with  the  OVl-18  and  OVl-19  satellites  onboard 
Atlas  Boost  Vehicle  104F  from  Vandenberg  Air  Force  Base.  The  initial 
orbital  parameters  were: 


Perigee 

Apogee 

Inclination 

Period 


2 17  nmi 
253  nmi 
99.2“ 

9 3.  2 min 
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' The  satellite  was  to  have  been  three-axis  stabilized  with  one  axis 

f always  pointing  to  the  center  of  the  earth.  A sophisticated  "Vertistat 

gravity  gradient  deployable  boom  system  was  included  on  board  the  satellite 
to  accomplish  this  goal.  Unfortunately,  for  reasons  not  entirely  clear,  even 
at  this  time,  the  gravity  gradient  stabilization  of  the  OVl-17  satellite  was 
not  achieved.  The  "Vertistat”  primary  and  damper  booms  deployed  satisfac- 
torily. However,  Ihe  vehicle  did  not  "capture"  but  spun  about  an  axis 
approximately  normal  to  the  orbit  plane.  The  spin  rate  slowly  increased 
from  0.04  rpm  to  0.45  rpm  over  a five  month  period,  despite  efforts  to 
diagnose  the  cause  of  the  spin  and  to  correct  it. 

The  effect  of  this  unexpected  spin- up  of  the  satellite  on  the  ability  of 
many  of  the  experiments  on  board  to  obtain  useful  data  was  extremely 
serious.  Of  the  seven  Aerospace  experiments  on  board,  only  three  were 
able  to  usefully  analyze  any  of  the  data  obtained.  Only  minimal  amounts  of 
useful  data  were  obtained  by  these  experiments  compared  to  the  amount  of 
data  originally  anticipated. 

The  three  Aerospace  experiments  that  were  able  to  analyze  some  of 
; the  data  obtained  were  those  that  measured  solar  x-rays  and  energetic  and 

low-energy  precipitating  electrons  and  protons.  The  experiments  are  de- 
scribed briefly  in  some  of  the  scientific  papers  included  in  this  report. 

The  OVl-17  satellite  is  shown  in  Figure  1.  It  consisted  of  a cylindrical 
section  27  inches  in  diameter  and  32  inches  long,  which  served  as  the  con- 
tainer for  the  scientific  payload.  A faceted  dome  containing  solar  cells  was 
attached  to  each  end  of  the  cylinder,  which  made  the  overall  length  of  the 
satellite  54  inches.  The  total  weight  of  the  satellite  was  approximately 
315  pounds. 

Figure  2 shows  the  OVl-17,  -18,  and  -19  satellites  mounted  in  launch 
[ configuration  on  a common  truss  assembly  that  is  attached  directly  to  the 

Atlas  booster. 


Figure  1.  The  OVl-17  satellite.  Two  of  the  three  Aerospace  experiments 
that  were  able  to  obtain  some  useful  data  from  the  unstabilized 
satellite  are  visible.  The  solar  biaxially  pointed  x-ray  experi- 
ment is  near  the  top  center  of  the  figure  and  the  energetic  pre- 
cipitating proton  and  electron  experiment  with  its  many  "fingers" 
containing  geiger  tubes  and  sem.i-conductor  detectors  (the  Urchin) 
is  visible  at  the  lower  left  of  the  spacecraft.  In  flight,  the 
Urchin  was  extended  on  a short  boom. 
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Figure  2.  The  OVl-17,  OVl-18,  and  OVl-19  satellites  mounted  on  the 
support  truss.  OVl-17  is  the  uppermost  satellite.  The  x- 
ray  solar  pointer  can  be  seen  in  this  view. 
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The  purpose  of  this  report  is  to  provide  a compilation  of  information 
published  up  to  October  1977  that  is  the  result  of  analyses  of  the  data  from 
the  three  Aerospace  experiments  that  were  able  to  obtain  any  useful  data 
from  the  unstabilized  spacecraft.  This  compilation  will  clearly  contain  the 
majority  of  the  information  to  be  obtained  from  these  experiments.  However, 
analysis  of  data  from  one  of  these  experiments  (solar  x-rays)  is  still 
continuing. 
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A.  B.  C.  Walker,  Jr. , 


and  H.  R.  Rugge 


ABSTRACT 

2 11  2 1 3 

The  Is  Sq  - ls2p  resonance  and  the  Is 

interconnbination  lines  in  the  helium-like  ions  of  carbon,  oxygen, 
neon,  and  magnesium  observed  in  the  solar  corona  are  accom- 
panied by  strong,  longer  wavelength  satellites.  Gabriel  and  Jordan 

Identify  these  longer  wavelength  satellites  as  due  to  single-photon  de- 
3 

cay  of  the  ls2s  S.  level,  and  point  out  that  the  intensity  ratio  of  the 
3 3 ^ 

and  Sj^  lines  is  a sensitive  function  of  electron  density  at 
typical  coronal  densities.  We  have  observed  these  three  lines 
in  oxygen,  neon,  aluminum,  silicon,  and  sulphur  with  a scanning 
Bragg  crystal  spectrometer,  which  was  orbited  on  the  satellite 
OVl-17  (1969-02 5A),  launched  on  18  March  1969.  In  this  report, 
we  present  the  relative  intensities  of  each  of  the  three  lines  and 
discuss  the  coronal  densities  that  they  predict. 


SOLAR  X-RAY  OBSERVATION  OF  FORBIDDEN  LINES 
IN  THE  HELIUM  ISOELECTRONIC  SEQUENCE* 


This  paper  has  also  been  published  as  TR-0066(9260-02)-4,  The  Aerospace 
Corporation,  El  Segundo,  California  (15  November  1969)  and  in  Astronomy 
and  Astrophysics  5.  4-11  (1970). 
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I.  INTRODUCTION 


2 1 1 3 

Long-wavelength  satellites  to  the  Is  ^1  ^ 

helium- like  ions  have  been  observed  in  laboratory  plasmas  (Edlen  and 

Tyren  1939;  Jahoda,  Ribe,  Sawyer,  and  Stratton  1961;  Roth  and  Elton  1968) 

and  in  the  solar  corona  (Austin,  Purcell,  Tousey,  and  Widing  1966;  Fritz, 

Kreplin,  Meekins,  Unzicker,  and  Friedman  1967;  Rugge  and  Walker  1968; 

Walker  and  Rugge  1969;  Jones,  Freeman,  and  Wilson  1968;  Meekins, 

Kreplin,  Chubb,  and  Friedman  1969;  Evans  and  Pounds  1969).  Gabriel  and 

Jordan  (1969a)  point  out  that  the  laboratory  and  coronal  satellites  have 

different  origins.  The  laboratory  lines  are  due  to  transitions  in  doubly 

excited  lithium- like  ions.  In  the  solar  corona,  the  strong  satellite  line  that 

3 

is  observed  is  due  to  the  single-photon  decay  of  the  metastable  IsZs  Sj  level. 

Griem  (1969)  calculates  the  transition  probability  for  magnetic  dipole  radia- 

tion  from  the  S^  level  and  finds  that  single-photon  emission  rather  than  two- 

photon  emission  (Dalgarno,  Drake,  and  Victor  1969;  Bely  and  Faucher  1969) 

is  the  dominant  mode  of  decay  for  Z 4 20. 

In  a subsequent  article,  Gabriel  and  Jordan  (1969b)  point  out  that 

3 3 

collisional  interchange  between  the  S and  P levels  may  take  place  such 

that  the  relative  intensities  of  these  two  lines  are  density  dependent.  These 

3 3 

authors  calculate  the  density  dependence  of  the  intensity  ratio  ( S/  P),  which 
they  call  R,  for  CV,  OVII,  NeIX,  MgXI,  and  SiXIII,  and  use  the  measured 
values  to  compute  electron  density  in  the  coronal  regions  responsible  for 
these  emissions. 

We  have  obtained  spectral  scans  of  coronal  emissions  in  the  wavelength 
region  between  1.5  and  25  A with  three  crystal  spectrometers  on  board  the 
satellite  OVI-17  (1969-025A),  which  was  launched  in  March  of  1969.  We  have 
observed  the  forbidden  Is^  ^^0  ” ^1  OVII,  NeIX,  AIXII, 

SiXIII,  and  SXV.  A large  EUV  background  makes  the  identification  of  this 
line  in  NaX  and  MgXI  difficult.  We  have,  however,  observed  this  line  in 
NaX  and  MgXI  on  an  earlier  flight  (Rugge  and  Walker  1968). 
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In  this  report,  we  discuss  the  identification  of  these  lines  and 
present  the  observed  values  of  wavelength  and  the  relative  fluxes  for 
the  resonance,  inter  combination,  and  forbidden  lines . 


II.  EXPERIMENTAL  DETAILS 


The  OVI-17  crystal  spectrometer  is  mounted  on  a compact  solar 
pointer  (Chater  and  Howey  1967),  which  points  at  the  center  of  the  solar 
disk  with  an  accuracy  of  a few  seconds  of  arc.  The  spectrometer  uses 
three  crystals:  KAP(Zd  = 26.63  A),  EDDT(2d  = 8.81  A),  and  LiF(2d  = 4.03  A). 
The  KAP  crystal  is  mounted  above  the  other  crystals,  and  the  spectrum  is 
recorded  by  a Bendix  M312  detector  with  a Csl  cathode  that  is  mounted  behind 
a thin  formvar  and  aluminum  filter.  The  EDDT  and  LiF  crystals  are  mounted 
back  to  back  at  right  angles  to  the  KAP  crystal,  and  the  spectra  from  these 
crystals  is  recorded  in  a proportional  counter  with  a 1-mil  thick  beryllium 
window.  All  crystals  are  rigidly  constrained  to  rotate  together.  Fe^^ 
sources  are  mounted  at  one  end  of  each  crystal  holder  and  provide  the  in- 
flight calibration  of  both  detectors.  The  events  recorded  by  each  detector 
are  stored  in  scalers  and  sampled  every  0.11  sec,  which  corresponds  to 
1.9  arc  min  of  crystal  travel.  The  spectrometer  is  driven  by  a synchronous 
motor  and  scans  continuously. 

The  response  of  a crystal  spectrometer  to  discrete  sources  on  the 
disk  and  the  determination  of  absolute  efficiency  are  discussed  by  Walker 
and  Rugge  (1969).  In  this  paper,  we  report  only  relative  line  intensities,  and 
we  ignore  the  small  changes  in  efficiency  between  the  closely  spaced  wave- 
lengths of  each  group  of  lines  observed  with  the  EDDT  spectrometer.  For 
the  data  obtained  with  the  KAP  spectrometer,  we  make  use  of  the  calibration 
curve  of  the  similar  OVl-10  spectrometer  (Walker  and  Rugge  1969)  to  correct 
the  relative  intensities  of  each  group  of  lines.  A shaft-angle  encoder  that 
changes  levels  every  15  arc  sec  of  crystal  travel  is  used  for  accurate  wave- 
length determination  and  has  been  calibrated  against  a number  of  x-ray 
lines  in  the  laboratory. 
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III.  EXPERIMENTAL  DATA 


Figure  1 shows  a single- scan  spectrum  obtained  with  the  EDDT 

spectrometer  at  0604  UT  on  20  March  1969.  A number  of  lines  of  interest 

are  identified  on  the  scan.  A list  of  identification  is  given  in  Table  2,  which 

is  discussed  in  the  next  section.  The  sun  was  quiet  at  this  time;  no  flares 

were  recorded  for  the  previous  6-hr  period  (ESSA  1969).  The  three  groups 

13  3 

of  lines  resulting  from  the  P,  P,  and  S transitions  in  AIXII,  SiXIII,  and 

SXV  are  identified,  along  with  several  other  prominent  lines. 

Figure  2 is  a single- scan  spectrum  obtained  with  the  KAP  spectrometer 

at  0615  UT.  The  steep  rise  in  counting  rate  at  short  wavelengths  is  due  to 

EUV  radiation  that  is  specularly  reflected  from  the  crystal.  The  groups  of 

13  3 

lines  resulting  from  the  P,  P,  and  S transitions  in  OVII  and  NeIX  are 
identified  as  are  several  other  prominent  lines. 

Figure  3 shows  spectra  obtained  before  and  after  two  class  IB  flares  ■ 

(ESSA  1969)  that  were  observed  at  1551  UT  and  approximately  1630  UT  on  i 

) 

20  March  1969.  The  sun  was  quite  active  during  this  period,  with  class  IN 
flares  being  reported  at  1450,  1555,  and  1625  UT.  The  spectra  obtained  at 
1642  and  1529  UT  are  considerably  enhanced  over  the  spectrum  obtained  at 
0604  UT,  with  the  SXV  Is^  - Is2p,ls2s  ^P,  ^P,  and  ^S  lines  and  the  SXVI 

O 

Lyo  line  at  4.73  A clearly  visible. 

O 

Fritz,  et  al.  (1967),  report  several  lines  between  7.7  and  7.9  A,  which 

2 

we  identify  from  our  spectra  as  the  AIXII  Is  - Is2p,ls2s  lines,  and  the 
2 

MgXI  Is  - ls3p  transition.  Their  assigned  wavelengths  are  slightly  differ- 
ent from  ours,  and  their  identifications  also  differ.  They  report  only  two 

2 i 

of  the  three  lines  that  we  observe  and  identify  as  the  SiXIII  Is  - Is2p,ls2s  , 

lines,  and  they  do  not  report  the  three  weak  lines  that  we  identify  as  the  SXV  j 

Is^  - Is2p,ls2s  lines.  The  unidentified  line  which  they  observe  at  7.05  A ’ 

probably  corresponds  to  the  MgXI  Lyp  line  that  we  observe  at  the  predicted  j 

O 

wavelength  of  7.11  A.  i 


1 

i 
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Figure  2.  Solar  X-Ray  Spectrum  Observed  with  a KAP  Spectrometer,  Obtained  at  0615  UT 
on  March  20,  1969.  No  flares  wen*  reported  near  this  tiiiie.  The  average  of  five 
scans  taken  between  0526  and  0620  UT  are  shown  for  the  NcIX  and  OVII 
reasonanccs,  intercombination,  and  forbidden  lines. 


Meekins,  et  al.  (1969),  observe  three  lines  near  the  position  of  the 
silicon  XllI  triplet  which  we  observe,  but  do  not  identify  them  as  the  silicon 
XIII  triplet.  They  also  observe  three  lines  near  the  position  of  the  AIXII 
triplet,  but  identify  only  the  AIXII  resonance  line.  The  SXV  line  which 

O 

they  observe  near  5.  1 A is  not  resolved  into  three  components  in  their 
spectrum. 

We  do  not  discuss  in  this  report  the  interpretation  of  lines  other  than 
13  3 

the  helium-like  P,  P,  and  S lines.  We  do,  however,  observe  other 
lines  corresponding  to  the  prominent  lines  which  Meekins,  et  al. , report. 

If  the  emission  lines  that  Meekins  identifies  as  K lines  are  present  in  our 
spectra,  th"y  are  considerably  weaker  than  in  the  spectra  which  he  has 
presented. 
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IV.  IDENTIFICATION  OF  LINES 


We  do  not  discuss  the  identification  of  lines  from  the  KAP 
spectrometer  in  detail  here  (see  for  example  Rugge  and  Walker  1968). 
Unfortunately,  precise  wavelengths  have  not  been  measured  in  the  labora- 
tory for  a number  of  the  lines  observed  by  the  EDDT  spectrometer.  To 
obtain  the  wavelengths  of  lines  originating  in  hydrogen-like  spectra,  we 
use  the  calculations  of  Garcia  and  Mack  (1965).  For  lines  of  the  helium- 
like isoelectronic  series,  the  Atomic  Energy  Level  Tables  of  Moore 
(1949)  are  used.  We  use  these  published  values  to  extrapolate  the  wave- 
lengths of  the  transitions  of  interest  in  other  ions  of  astrophysical  interest. 

The  results  of  these  extrapolations  are  given  in  Table  1.  The  values  taken 
from  Moore  are  denoted  by  an  asterisk.  The  prominent  lines  observed  in  the 
EDDT  spectrum  are  listed  in  Table  2.  The  wavelengths  listed  as  observed 
with  the  EDDT  spectrometer  were  determined  by  using  the  MgXII  Lyo  line  at 
8.421  A as  a standard.  All  other  wavelengths  were  assigned  using  the  posi- 
tion of  this  line  and  the  precisely  known  scanning  rate  of  the  spectrometer. 

The  wavelength  of  the  MgXII  line  was  confirmed  to  be  correct  to  within  the 

O 

accuracy  of  spectrometer  calibration  (0.  005  A)  using  the  geometry  of  the 
spectrometer  and  the  precisely  known  wavelengths  of  the  FeXVll  17.051  A 
and  OVIH  18.969  A lines  observed  with  the  KAP  spectrometer.  The  intensity 
in  counts  given  in  Table  2 is  the  integral  number  of  covmts  under  each  line 
that  is  proportional  to  the  line  intensity  (Walker  and  Rugge  1969). 

Table  3 lists  the  intensities  and  positions  of  the  OVII  and  NeIX  resonance 
intercombination,  and  forbidden  lines.  Because  of  the  low  counting  rates  in 
the  KAP  data,  we  have  averaged  5 scans  near  13.6  and  22  A in  order  to 
improve  the  accuracy  of  the  derived  fluxes.  These  averaged  spectra  are 
shown  superimposed  on  Fig.  2.  Table  4 lists  the  calculated  values  of  R,  the 
ratio  of  the  forbidden  to  intercombination  lines  and  of  G,  the  ratio  of  the  sum 
of  the  forbidden  and  intercombination  lines  G to  the  resonance  line. 
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Table  1.  Extrapolated  Wavelengths  of  Lines 
Hel  Isoelectronic  Sequence 
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Tabic  2.  Lines  Observed  in  the  EDDT  Scan  (continued) 


Transition  is  expected  to  be  the  strongest  of  the  group. 


Table  3.  Intensities  of  OVIl  and  NeIX  Lines 


Table  4.  Line  Ratios  and  Predicted  Densities  (20  March  1969) 
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Jones,  et  al.  , report  a line  at  22.03  A in  addition  to  the  OVII 

O 

forbidden  line  at  22.09  A*  Unfortunately,  the  rocking  curve  of  KAP  is  too 
broad  to  resolve  these  two  lines  in  our  spectra.  However,  we  observe  lines 
near  the  SiXIII  and  SXV  forbidden  lines  at  6.727  A and  5.085  A,  respectively 
The  presence  of  the  MgXI  Is  - 3p  line  prevents  the  observation  of  a similar 
line  between  the  AIXII  forbidden  and  intercombination  lines.  We  point  out 
the  close  agreement  between  the  wavelength  of  the  22.03  A line  of  Jones, 
et  al.  , and  the  calculated  wavelengths  of  the  ls^2s  - Is2s2p  ^p°  line  in 
OVI  (Gabriel  and  Jordan  1969a).  We  extrapolate  the  wavelength  of  this  line 
for  SiXIII  and  SXV  and  find  that  the  lines  we  observe  at  6.727  A and  5.085  A 
are  sufficiently  near  the  proper  wavelength  to  be  identified  with  this  line. 
Gabriel  and  Jordan  (1969a)  point  out  that  this  line  is  observed  in  low  density 
plasmas  and  can  be  formed  by  dielectronic  recombination  (Burgess  1965). 

The  ls^2p  ^p°  - ls2p^  line,  which  can  also  be  formed  by  dielectronic 
recombination,  is  too  close  to  the  forbidden  line  to  be  observed  in  any  of  the 
solar  spectra  so  far  published. 

If  these  lines  are  indeed  due  to  transitions  in  excited  lithium-like  ions, 

it  remains  to  be  determined  whether  these  levels  are  formed  by  dielectronic 

recombination  in  helium-like  ions,  or  by  direct  excitation  of  lithium-like 

ions  (i.e.  , type  transitions).  The  observation  of  the  ls^2p  ^p°  - ls2p^  ^I 

line  would  strongly  imply  dielectronic  recombination,  because  the  formation 

2 e 

of  the  doubly  excited  D state  by  excitation  at  coronal  densities  is  very  im- 
probable. The  observation  of  the  ls^2p  ^p°  - ls2p^  lines,  which  cannot 
be  formed  by  dielectronic  recombination  (Gabriel  and  Jordan  1969a)  would  be 
strong  evidence  for  Ka  type  transitions. 


I 
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V.  THEORY 


Gabriel  and  Jordan  (1969b)  point  out  that,  for  long-lived  levels  such 
as  ls2s  ^S,  collisional  and  radiative  coupling  to  adjacent  levels  such  as 
ls2p  becomes  important.  They  derive  the  observed  ratio  of  the  to  the 
line  intensities.  * 


A(2^S  - l^S) 


] + F 


^ b - 1 bj /_!_  + 

[N  C(2^S  - 2^P)  +01  (1  + F)  + A(2^S-  l^S)  ® 


- 0' 


where  the  C's  are  collisional  excitation  rates,  the  A's  are  transition  proba- 
bilities. N is  the  electron  density,  and  0 is  the  photo-excitation  rate  (which 
e 

is  neglibible  for  all  important  coronal  ions  except  CV).  The  quantity  F is 
defined  as  ^ 


Cd^S  - 2^5) 

7T7T7  ZJT  ’ 


C(1  S - 2-'P 


and  B is  the  effective  branching  ratio  from  the  ^P  states  to  the  ground  state 


A(2^P^--  l^S) 


A(2^P2  *1^5) 


^ A(2^Pj  - l^S)  + A(2^P  - 2^S)  ^ A(2^P2*1^S)  + A(2^P  - 2'S) 

Gabriel  and  Jordan  evaluate  Eq.  (1)  for  CV,  OVII,  NelX,  MgXl,  and  SiXlII. 
They  assume  that  the  temperature  dependence  of  the  ratio  of  the  collisional 
excitation  rates  is  negligible  and  calculate  the  value  of  C(2  S - 2 P)  at 

^In  the  calculation  of  F,  a rigorous  treatment  should  include  all  processes 
other  than  the  exchange  between  the  ^P  and  levels,  which  may  populate 
either  level. 
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the  temperature  at  which  the  collisional  excitation  of  the  resonance  line  is 

a maximum.  The  ionization  equilibrium  calculations  of  Jordan  (1969)  were 

used  to  calculate  this  temperature.  We  extend  the  calculations  of  R to  AlXll 

3 3 

and  SXV.  The  values  of  A(2  P - 2 S)  were  obtained  from  Weise,  et  al. 

(1966),  of  A(2^P,  - l^S)  from  Drake  and  Dalgarno  (1969),  of  A(2^P-  - l^S) 

*■31  ^ 

from  Garstang  (1967),  and  of  A(2  S - 1 S)  from  Griem  (1969).  The  values 

3 3 

of  C(2  S - 2 P)  were  calculated  from  the  formula  given  by  Van  Regemorter 
(1962).  The  temperatures  at  which  the  collisional  excitation  rates  were 
evaluated  are  given  in  Table  4.  The  dependence  of  R on  is  shown  in 
Fig.  4. 
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VI.  DISCUSSION  OF  THE  LINE  RATIOS 


In  order  to  utilize  Eq.  (1)  in  the  determination  of  coronal  densities, 
the  ratio  of  the  collisional  excitation  cross  sections  F must  be  determined. 
Using  a ratio  R of  3.6  for  the  OVII  lines  derived  from  several  scans  from 
our  previous  work  (Rugge  and  Walker  1968)  and  assuming  that  the  OVII 
emission  arises  from  the  quiet  corona  for  the  highest  ratio,  Gabriel  and 
Jordan  (1969b)  deduce  that  F = 0.  35,  We  have  studied  the  value  of  R and  G 
for  OVII  as  a function  of  the  daily  2800-MHz  solar  radio  flux  from  data  taken 
over  a 5-month  time  period  by  the  OVl-10  satellite  in  late  1966  and  early 
1967  (Rugge  and  Walker  1969),  which  included  the  data  used  by  Gabriel  and 
Jordan.  We  find  mean  values  of  R = 3.  3 and  G = 1.  1 essentially  independent 
of  the  solar  radio  flux,  with  the  x-ray  flxixes  increasing  linearly  by  about  a 
factor  of  two  while  the  radio  flux  increased  from  100  to  200  flux  units.  The 
measured  values  of  R vary  by  up  to  ±20%,  which  is  only  slightly  more  than 
the  experimental  uncertainties  in  the  x-ray  fluxes.  This  suggests  that  only 
slight  changes  in  density  take  place  in  the  emitting  regions.  Much  larger 
density  changes  are  suggested  by  the  other  OVII  data  cited  by  Gabriel  and 
Jordan  (1969b).  Our  present  measurement  of  R =3.7  for  the  OVII  ratio  in 
the  averaged  scans  shown  in  Fig.  2 is  in'agreement  with  the  average  OVl-10 
results  cited  above.  Thus,  our  present  data,  using  the  assumption  of 
Gabriel  and  Jordan,  also  leads  to  a value  of  F = 0.  35. 

However,  our  values  of  R determined  for  AlXIl,  biXlll,  and  SXV  can- 
not be  obtained  with  a value  of  F as  small  as  0.  35,  Because  of  the  increasin 

13 

importance  of  the  magnetic  quadrupole  1 - 2 transition  in  the  heavier 

ions,  the  maximum  value  of  R for  a particular  F decreases  with  increasing 
Z (see  Fig.  4).  The  maximum  value  of  ~ +F)/B  - IJ  for  a particu 

lar  ion  occurs  when 


NgC(2^S  - 2^P)(1  + F)  « A(2^S  - l^S) 


(2) 
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If  we  assume  that  the  maximum  SXV  and  SiXIII  ratios  were  observed  for 
radiation  originating  in  a region  satisfying  Eq.  (2),  then  we  would  predict 
0.  5 < F < 0.  55. 

Using  a value  of  F = 0.5,  we  calculate  the  electron  densities  given 
in  Table  4.  The  density  entries  in  Table  4 shown  as  less  than  a given 
density  were  derived  from  ratios  which  lie  on  the  insensitive  part  of  the 
line  ratio  R.  vs  density  plot.  In  addition  to  direct  collisional  excitation,  the 
values  of  F,  determined  empirically  by  Gabriel  and  Jordan  and  by  us,  include 
the  effects  of  other  population  mechanisms,  such  as  cascades  and  radiative 
recombination,  which  can  modify  the  ratio  determined  for  direct  excitation 
from  the  ground  state  alone. 

Gabriel  and  Jordan  point  out  that  G,  the  ratio  of  the  sum  of  the  for- 
bidden and  inter  combination  lines  to  the  resonance  line,  should  be  a constant 
for  each  ion.  Our  measured  values  of  G are  listed  in  Table  4.  The  mea- 
sured values  cluster  near  G = 1 for  all  Z. 

One  might  expect  that  dielectronic  recombination  of  the  P state 
would  contribute  to  the  flux  in  that  line  by  the  process 

X(ls^)  + e(«,  « + 1)  r X{lx.  2p,  n£)  - X(ls^,n£)  + hv,  n,  2 » 1 (3) 

3 3 

Because  the  transition  probability  for  the  ls2s  S and  ls2p  P states  is 
smaller  than  that  for  the  ls2p  P,  this  process  should  be  less  important  for 
these  lines.  Because  n and  i are  large  in  most  cases  (Burgess  1965),  the 
wavelength  of  the  resultant  photon  would  be  too  close  to  that  of  the  resonance 
line  to  be  resolvable.  The  relative  intensity  of  the  line  radiation  resulting 
from  stabilizing  transitions  after  dielectronic  recombination  (Tucker  and 
Gould  1966)  to  the  collisionally  excited  line  radiation  evaluated  at  the  tem- 
perature at  which  the  latter  reaches  a maximum  increases  from  0.185  for 

2 

OVII  to  0.435  for  SXV.  This  suggests  that  if  F is  independent  of  nuclear 


Jordan  (private  communication)  finds  ratios  about  a factor  of  two  smaller 
using  Burgess'  (1965)  theory. 
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We  find  that  for  undisturbed  periods  (i.e.,  the  0604  UT  spectrum), 
the  electron  density  predicted  by  the  Gabriel- Jordan  theory  increases  with 
temperature.  We  find  a density  of  =2x10  cm”  from  the  OVII  intensity 
ratios.  This  value  is  somewhat  lower  than  the  typical  active  region  densi- 
ties given  by  Newkirk  (1967),  but  is  certainly  reasonable.  While  the  densi- 
ties found  for  the  AIXII,  SiXlU,  cind  SXV  lines  are  somewhat  greater  than 
those  suggested  by  Newkirk  for  condensations  with  lifetimes  greater  than  a 
few  hours,  they  may  be  reasonable  for  small  regions  at  or  near  the  time  of 
flares . 

An  unexpected  result  is  the  apparent  decrease  in  electron  density 
after  the  group  of  flares  between  1500-1600  UT  on  20  March  1969.  This 
may  be  real,  or  it  may  indicate  a breakdown  of  one  or  more  of  the  asstunp- 
tions  of  the  theory  during  times  of  considerable  change  in  the  condition  of 
the  active  regions  giving  rise  to  these  emissions. 
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m.  FURTHER  RESULTS  ON  O VII  X-RAY 
CORONAL  LINE  EMISSION* 

H.  R.  Rugge  and  A.  B.  C.  Walker,  Jr. 


ABSTRACT 


Measurements  of  the  intensity  ratio  of  O VII  solar  x-ray  emission 
lines  were  made  during  a three-day  period  in  1969.  The  results  are  essen- 
tially the  same  as  obtained  from  a different  satellite  during  an  extended 
period  in  1966/1967.  These  results  lead  to  an  upper  bound  on  the  coronal 

9 

electron  density  from  the  regions  emitting  the  O VII  radiation  of  X 10 

-3 

cm 


This  paper  has  also  been  published  as  TR-0059(9260-02)-4,  The  Aerospace 
Corporation,  El  Segundo,  California  (14  December  1970)  and  in  Solar  Physics 
18,  244-246  (1971). 
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In  a recent  publication  (Rugge  and  Walker,  1971)  we  reported 

2 1 

on  the  relative  intensities  of  the  solar  x-ray  resonance  (Is  " 

1 2 13 

ls2p  Pp.  inter  combination  (Is  ” Is2p  and  forbidden 

(Is^  ^Sq  - ls2s^Sj)  lines  of  helium-like  O VII  for  a 90-day  period 

in  1966/1967.  These  relative  intensities  were  used  to  determine 

the  ratio  of  the  forbidden  to  the  intercombination  line  intensity,  R, 

which,  utilizing  the  theory  of  Gabriel  and  Jordan  (Gabriel  and  Jordan 

1969,  1970;  Freeman,  et.  al. , 1970),  gave  an  upper  limit  on  the  solar 

coronal  electron  density  in  regions  emitting  the  O VII  x-radiation. 

It  is  the  purpose  of  this  note  to  report  similar  measurements  for 

O VII  for  a brief  period  in  1969,  near  the  peak  of  the  present  solar 

cycl  j.  The  results  for  this  time  period  are  identical,  within  the 

uncertainties,  to  those  obtained  earlier. 

The  instrumentation  used  for  this  study  consisted  of  a scanning 
KAP  Bragg  crystal  spectrometer  which  has  been  described  briefly 
elsewhere  (Walker  and  Rugge,  1970).  It  was  similar  to  that  used  on 
the  OVl-10  satellite  (Rugge  and  Walker,  1968),  which  gathered  the 
previous  data,  but  with  spectral  resolution  improved  by  a factor  of 
five.  Thus,  the  resonance  (21.60A)  inter  combination  (21.  80A)  and 
forbidden  (22.  lOA)  lines  of  O VII  are  all  clearly  resolved  in  the 
present  data.  These  data  were  gathered  on  the  OVl-17  satellite 
(1969-25A)  launched  18  March,  1969.  Data  were  obtained  for  only 


W 
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a three-day  period  because  of  a malfunction  of  the  spectrometer 
motor.  The  individual  scans  of  the  spectrometer  taken  during  this 
period  have  been  summed  to  produce  an  average  spectrum  for  each 
orbit  of  the  satellite.  The  average  relative  intensities  for  each 
orbit  are  used  to  calculate  the  line  intensity  ratios  which  are  com- 
pared to  our  previous  results. 

We  previously  obtained  data  on  the  relative  intensities  of  the 
O VII  lines  for  90  days  («3  solar  revolutions)  from  Dec.  1966  to 
Feb.  1967,  a period  on  the  rising  portion  of  the  present  solar  cycle. 
During  this  period  the  2800  MHz  solar  radio  flux  varied  between  110 
and  204  (x  lO'^^w  m"^Hz"S  and  the  Zurich  Relative  Sunspot  Number 
between  34  and  191.  Throughout  this  period  there  was  no  systematic 
variation  in  R over  the  considerable  range  of  solar  activity  encountered 
and  there  appeared  to  be  little,  if  any,  true  change  within  the  uncer- 
tainty in  R at  any  time.  Because  of  this  it  was  assumed,  using  the 
Gabriel  and  Jordan  theory,  that  the  electron  density  in  the  regions 
emitting  the  O VII  lines  was  at  all  times  near  or  below  a value  at 
which  R is  not  sensitive  to  the  density.  This  allowed  an  upper  bound 
of  a5  X 10^  cm"^  to  be  placed  on  this  density.  In  addition,  following 

Gabriel  and  Jordan  (1969),  we  calculated  the  quantity  they  called  G, 
the  ratio  of  the  sum  of  the  intercombination  and  forbidden  line  inten- 
sities to  the  resonance  line  intensity;  G was  also  found  to  be  effective- 
ly constant  with  solar  activity  with  some  indication  of  a slightly  smaller 


A lA 


value  for  higher  solar  activity.  The  average  value  of  R over  the  90- 
day  period  was  R s:  3.  35  and  for  the  time  of  higher  solar  activity, 

G a 1.08. 


I 
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The  present  data  have  been  used  to  compute  the  ratios  R and 
G for  each  orbit  in  the  same  manner  as  for  the  OVl-10  data.  The 
line  intensities  were  obtained  by  integrating  under  each  spectral  line 
and  subtracting  the  contribution  from  continuum  and  background. 

The  ratios  were  calculated  after  correction  for  the  relative  efficiency 
of  the  spectrometer  at  the  appropriate  wavelengths.  The  values 
calculated  are  presented  in  Table  1.  The  uncertainties  are  primarily 
due  to  the  background  subtraction  and  counting  statistics.  Also 
presented  in  Table  1 are  the  starting  time  of  each  orbit,  the  "daily" 
2800  MHz  solar  radio  flux  and  the  Zurich  Relative  Sunspot  Number. 
As  can  be  seen,  solar  activity  was  somewhat  higher  than  at  any  time 
during  the  1966/1967  period  discussed  above  and  was  fairly  constant 
over  the  3-day  period.  Class  1 flares  were  reported  during  two  of 
the  orbits.  However,  all  values  of  R in  Table  1 are  consistant  with 
R being  constant  and  equal  to  the  average  value  of  R = 3.21  ± 0.  18. 
The  average  value  of  G is  0.  99  * 0.  06.  These  values  are  essentially 
the  same  as  the  values  obtained  during  the  1966/1967  measurements. 
This  lack  of  variation  of  R implies  an  upper  bound  on  the  coronal 
electron  density  in  those  regions  emitting  the  O VII  x-radiation  of 
5 X 10^  cm"^. 


Solar  Activity  Parameters  and  O VII  Line  Intensity  Ratios 


The  present  higher  resolution  data  indicate  the  (identical) 
method  used  in  integrating  both  the  present  and  previous  pertinent 
line  intensities  may  systematically  overestimate  the  flux  in  the  inter- 
combination line  (due  to  the  extended  wings  of  the  resonance  line 
caused  by  the  rocking  curve  width  of  the  KAP  crystal)  by  about  15%. 
This  results  in  a (corrected)  R for  the  1966/1967  data  ofaf  3.92 
and  R»3,  78  for  the  present  data.  C is  reduced  by  about  3%  in  both 
cases.  The  upper  limit  on  the  electron  density  is  not  affected 
since  it  is  established  by  the  constancy  of  R;  however,  the  parameter 
F in  the  theory  (see  Gabriel  and  Jordan,  1969,  and  Rugge  and  Walker, 
1971)  is  affected.  The  previous  value  for  R (1966/1967  data)  implied 
F—  0,27;  the  corrected  value  implies  F — 0. 44  in  closer  agreement 
with  values  of  F found  for  higher  members  of  the  isoelectronic  se- 
quence (Walker  and  Rugge,  1970). 

In  summary,  measurements  of  the  intensity  ratio  of  O VII 
x-ray  emission  lines  made  for  an  extended  period  in  1966/1967  during 
the  rising  portion  of  the  solar  cycle  and  during  a brief  period  in  1969, 
near  the  peak  of  the  solar  cycle,  have  given  essentially  the  same  re- 

9 

suit  leading  to  an  upper  bound  on  the  electron  density  of  » 5 x 10 

-3 

cm  . It  seems  reasonable  to  speculate  that  this  density  limit  would 
not  be  exceeded  during  other  parts  of  this  solar  cycle. 
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IV.  OBSERVATION  OF  AUTOIONIZING  STATES 
IN  THE  SOLAR  CORONA* 

A.  B.  C.  Walker,  Jr.,  and  H.  R.  Rugge 

ABSTRACT 

We  have  observed  weak  satellites  to  the  lines  of  the  principal 

series  of  the  helium  and  hydrogen  like  ions  of  magnesium,  aluminum, 

silicon  and  sulphur  in  the  solar  spectrum.  These  lines  coincide  in 

wavelength  with  the  extrapolated  positions  of  transitions  from  the 
3 2 1 

2s2p  P and  2p  D autoionising  levels  in  helium  like  ions,  and  the 

2 2 2 2 
Is2s2p  P,  Is2s3p  P and  Is2p3p  S or  D autoionising  levels  in 

lithium  like  ions.  The  observed  ratio  of  the  intensity  of  the  ls2p  ^P  - 

2p^  line  in  Mg  XI  relative  to  the  intensity  of  the  Mg  XII  Lyman-nr 

line  is  found  to  be  5 x 10  compared  to  a predicted  ratio  which  varies 

from  16  X 10  ^ at  6 x 10^  K to  7.  5 x 10”^  at  10^  K.  These  observations 

provide  direct  evidence  of  dielectronic  recombination  in  the  corona. 


1 


This  paper  has  also  been  published  as  TR-0059(9260-02)-2,  The  Aerospace 
Corporation,  El  Segundo,  California  (20  November  1970)  and  in  The 
Astrophysical  Journal  164,  181-190  (1971). 
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FIGURES  (Continued) 
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I.  INTRODUCTION 


i ) 
\ 
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I 


The  importance  of  resonances  in  atomic  cross  sections  in 
astrophysical  plasmas  has  become  increasingly  appreciated  since 
Burgess  (1964)  pointed  out  the  importance  of  dielectronic  recombin- 
ation in  the  solar  corona.  The  formation  of  doubly  excited  autoion- 
izing  states  also  plays  an  important  role  in  collisional  and  photo- 
ionization (Goldberg  1966),  and  should  have  an  important  effect  on 
the  spectrum  of  the  high  temperature  corona. 

We  reported  earlier  on  the  observation,  from  the  satellite  OVl-17 

(1969-025A),  of  the  Is^Zs  - IsZsZp  satellite  line  to  the  helium  like 

2 

resonance  line  from  the  IsZsZp  P autoionizing  level  in  Ne  VIII,  Si  XII, 

and  S XIV.  We  have  now  identified  additional  lines  due  to  the  decay  of 

autoionizing  levels  in  both  helium  like  and  lithium  like  ions  in  the  corona. 

We  have  observed  lines  from  the  lsZs3p  and  lsZp3p  configurations  of  the 

lithium  like  ions  of  magnesium,  aluminum  and  silicon.  We  have  also 

identified  the  line  at  6.Z65A  observed  by  Meekins,  et  al.  (1970)  as  due 

Z 1 

to  the  decay  of  the  Zp  D level  in  Si  XIII,  and  two  weak  lines  in  our 

3 

own  spectra  at  8.  518  A and  8.550  A as  due  to  the  decay  of  the  ZsZp  P and 
Z 1 

Zp  D levels  in  Mg  XI.  Neupert  and  Swartz  (1970  a,b)  have  also  observed 

lines  from  the  IsZsZp  configuration  in  silicon,  sulphur,  argon,  and  iron 

from  the  OSO  V satellite.  A theoretical  extrapolation  formula  for  the 

Z 1 

level  width  of  the  Zp  D level  has  been  used  to  show  that  the  intensity  of 
1 Z 1 

the  IsZp  P - Zp  D line  in  Mg  XI  is  consistent  with  the  formation  of  the 


-63- 


2 3 

upper  level  by  dielectronic  recombination.  The  decay  of  the  2p  P level, 

which  is  not  autoionizing  and  has  been  observed  in  the  laboratory,  has  not 

been  observed  in  Mg  XI,  further  reinforcing  the  interpretation  of  dielectronic 

recombination  as  the  mechanism  for  the  formation  of  doubly  excited  levels  in 

the  corona.  The  direct  observation  of  dielectronic  recombination  is  of  great 

importance  because  of  the  role  of  this  process  in  determining  the  ionization 

balance  in  the  high  temperature  corona. 

Historically,  doubly  excited  states  were  first  detected  in  the  laboratory 

in  helium  by  Compton  and  Boyce  (1928).  Theoretical  efforts  were  directed 

initially  at  the  study  of  those  states  which  were  metastable  to  autoionization, 

and  could  therefore  explain  the  narrow  natural  width  of  the  observed  lines. 

Wu  (1944)  was  able  to  identify  the  line  observed  at  320.  4 A in  helium  as  due  to 
3 2 3 

the  transition  ls2p  P - 2p  P. 

A number  of  trainsitions  from  doubly  excited  levels  have  now  been  observed 

and  identified  in  the  spectra  of  highly  ionized  atoms  in  the  laboratory.  A number 

of  theoretical  studies  of  the  properties  of  these  levels  have  adso been  made, 

especially  in  helium  like  ions.  The  line  identifications  which  we  have  made  are 

based  on  wavelength  comparisons  of  the  observed  lines  with  extrapolated  wave  - 

lengths  obtained  from  these  theoretical  and  experimental  results.  The  origin  of 

the  laboratory  satellites  has  been  discussed  by  Gabriel  and  J ordan  (1969)  and  by 

Gabriel,  Jordan  and  Paget  (1969),  who  show  that  at  low  densities  (10  cm'  ) 

these  lines  result  from  stabilizing  transitions  following  dielectronic  recombin- 

2 2 2 2 

ation.  At  higher  densities  the  observation  of  lines  such  as  Is  2p  P-ls2p  P, 
with  upper  levels  which  can  autoionize  only  by  second  order  processes,  indicates 
that  inner  shell  excitation  may  be  important. 
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U.  THE  LITHIUM  LIKE  IONS 


In  their  pioneering  work  on  the  EUV  and  soft  x-ray  spectra  of 
highly  ionized  elements  Edlen  and  Tyre'n  (1939)  observed  satellites 
to  the  helium  and  hydrogen  like  resonance  lines  of  carbon.  They 
ascribed  these  lines  to  transitions  from  doubly  excited  configurations 
with  two  electrons  in  the  n = 2 level,  to  singly  excited  configurations. 

Satellite  lines  to  the  helium  like  resonance  lines  arising  from 

doubly  excited  configurations  of  the  lithium  like  ion  have  been  observed 

in  the  laboratory  more  recently  by  Flemberg  (1942),  Edlen  (194  7), 

Sawyer,  Jahoda,  Ribe  and  Stratton  (1962),  Roth  and  Elton  (1968),  Peacock, 

Speer  and  Hobby  (1969),  Gabriel  and  Jordan  (1969),  and  Gabriel,  Jordan 

and  Paget  (1969).  Gabriel  and  Jordan  (1969)  have  classified  all  of  the 

lines  expected  from  the  configurations  Is2s2p  and  ls2p^  by  comparing  the 

positions  of  the  observed  laboratory  satellites  with  the  wavelengths 

computed  by  the  Charlotte  Froese  Hartree-Fock  program  including  con- 

2 2 2 

figuration  mixing.  The  identifications  of  the  Is  2s  S - Is2s2p  P lines  in 
several  ions  in  the  solar  spectrum  by  Walker  and  Rugge,  and  by  Neupert 
and  Swartz  were  based  on  this  work.  Peacock,  et  al.  have  calculated 
the  expected  position  of  several  of  the  lithium  like  lines  in  neon  and  argon, 
including  lines  from  the  Is2s3p  and  Is2p3p  configurations,  using  a Hartree- 
Fock-Slater  program  developed  by  Cowan  (1968). 
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2 2 2 2 2 

Figure  1 shows  the  Mg  X Is  28  S - ls283p  P and  Is  2p  P - 

Is2p3p  or  lines^  and  the  A1  XI  ls^3p  ^P  - Is2p3p  or  line. 

2 2 2 2 2 

Figure  2 shows  the  unresolved  Is  2s  S - Is2s3p  P and  Is  2p  P - 
Is2p3p  ^S,  lines  in  Si  XII.  Figure  3 shows  the  ls^28  - l82s2p  ^P 

and  18^28  - ls282p  "^P  lines  in  Si  XII.  These  spectra  were  obtained 

during  a period  of  high  solar  activity  on  March  20,  1969.  The  complete 
spectra  between  3.  76  and  8.  5 A are  shown  in  Figure  3 of  Walker  and 
Rugge  (1970),  and  a partial  list  of  the  observed  lines  is  given  in  Table  I 
of  that  paper.  In  Figure  4 we  have  indicated  how  the  wave  numbers  of  the 
lines  identified  with  the  Is2s2p  level  relative  to  the  wave  numbers  of  the 
Is  S - ls2p  P resonance  line  compare  with  the  relative  wave  numbers 
predicted  by  extrapolations  based  on  the  data  given  by  Gabriel  and  Jordan. 
The  identification  of  lines  due  to  this  configuration  is  quite  certain. 

The  position  and  identification  of  the  lines  of  the  Is2s3p  and  Is2p3p 
configurations  are  less  certain.  Calculations  of  the  energy  of  the  doubly 
excited  states  of  helium,  with  one  electron  in  an  n = 3 state  or  higher 
(see  for  example  Fano  (1969)and  Altick  and  Moore  (1965))  indicate  that 
configuration  mixing  is  extremely  important  for  these  states.  We  might 
expect  that  this  would  also  be  the  case  for  lithium-like  ions.  In  view  of 
this,  we  regard  the  multiplet  assignments  of  the  Is2s3i,  and  Is2p3/ 
configurations  as  not  yet  definitively  established.  We  have  used  the 

^We  probably  observe  the  P - D line  to  the  long  wavelength  side  of  the 
7 2 2 2 2 2 

S - P line  by  analogy  with  ls2p  D and  Is2s2p  P.  The  P - S line 
is  probably  closer  to  the  resonance  line,  and  evidently  too  weak  to  observe. 
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Figure  1. 


2 1 1 

Enlargement  of  the  spectrum  near  the  A1  XII  Is  S-ls2p  P 
2 1 1 

and  Mg  XI  Is  S-ls3p  'P  lines  obtained  at  1642  UT  on 
March  20,  1969  from  the  OVl-17  satellite.  The  1-3  transi- 
tions from  the  ls283p  and  Is2p3p  levels  in  Mg  X and  the  1-2 
transitions  from  the  Is2p3p  level  in  A1  XI  are  shown. 


o 

o 


C\AJ 


WAVtLENGTH  (A) 

2 1 1 

Figure  2.  Enlargement  of  the  spectrum  near  the  Si  XIII  Is  S-  IsSp  P line 
obtained  at  1642  UT  on  March  20,  1969  from  the  OVI-17  satellite. 
The  Si  xn  1-3  transitions  from  the  Is2s3p  and  Is2p3p 
levels  in  Si  XII  are  shown.  The  Si  XIV  Lyman-  alpha  line 
and  the  positions  of  four  Si  XUI  satellite  lines  are  also 
indicated. 


WAVELENGTH  (A) 

2 1 1 

Figure  3.  Enlargement  of  the  spectrum  near  the  Si  XIII  Is  S-ls2p  P 

line  obtained  at  1529  UT  on  March  20,  1969  from  the  OVl-17 

2 4 

satellite.  The  lines  from  the  Is2s2p  P and  Is2s2p  P levels  in 
Si  XII  are  shown. 


Figure  4.  Extrapolation  ol  the  wave  numbers  of  the  lithium  like  satellite 

lines  relative  to  the  helium  Is^  ^S-  IsZp^P  and  Is^  ^S-  ls3p^P 

lines,  based  on  laboratory-  observations  and  theoretical  calcu- 

2 1 3 

lations.  The  solar  observations  of  the  Is  S-  ls2p  P and 
2 1 3 

Is  S-ls2s  S lines  and  of  several  of  the  satellite  lines 
are  compared  with  extrapolated  curves.  The  ion  in  which 
each  transition  occurs  is  shown  in  parenthesis. 
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wave  numbers  of  the  Ne  VIII  and  A XVI  lines  observed  by  Peacock,  et  al. 

relative  to  the  wave  numbers  of  the  Is  S - ls3p  P line  to  interpolate 

relative  wave  numbers  for  the  Mg  X,  Al  XI,  and  Si  XII  lines.  The 

relative  wave  numbers  for  the  observed  solar  lines  are  compared  with 

the  interpolated  curve  in  Figure  4.  The  lines  which  we  observed  at 

8.  068  A and  5.  810  A have  also  been  reported  by  Meekins,  et  al.  (1968, 

1970)  and  previously  by  us  (Walker  and  Rugge  1970).  In  Table  I we 

have  listed  all  of  the  doubly  excited  states  for  configurations  with 

n<  3,  which  would  result.for  pure  L-S  coupling, in  satellite  lines  to 

the  Is^  - IsZp  ^P  and  Is^  - l83p  ^P  lines.  We  have  listed  only 

2 

those  states  which  are  autoionizing  (i.  e.  couple  to  a Is  continuum) 

and  which  can  decay  to  a lower  state  by  an  electric  dipole  transition.  | 

Garcia  and  Mack  (1965)  have  tabulated  these  states  and  discussed  3 

the  selection  rules  for  autoionization.  We  have  also  listed  other  autoionizing  | 

configurations  which  could  be  mixed  with  the  configurations  s ati  sfying  the  • 

2 . . ' 

selection  rules  for  autoionization,  Forthe  l82p  and  l8282p  configurations 
we  have  included  3 levels  which  are  not  autoionizing  be  cause  one  of  these  is 
observed  as  a weak  line  by  both  Walker  and  Rugge  (1970)  and  Neupert  and 
Swartz  (1970  a, b).  Some  inner  shell  excitation  is  to  be  expected  for  lithium 
like  ions,  even  under  conditions  of  thermal  equilibrium.  The  lithium  like 
ion  population  equilibrium  curve  has  a high  temperature  tail  (Jordan  (1969)) 
and,  for  example,  in  silicon  accounts  for  1%  of  the  population  at  4 x 10  K.  ] 

The  wavelengths  listed  in  Table  I are  those  observed  by  us  for  the  spectra 
shown  in  Figures  1,  2 and  3 of  this  paper  (and  in  Figure  3 of  Walker  and  Rugge 

(1970)).  Note  that  the  Mg  X line  at  8.068  A is  distinct  from  the  line  at  8.  092 A,  ; 
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Table  I.  Doubly  Excited  States  for  Configurations  with  n 5 3 


Table  I.  Doubly  Excited  States  for  Configurations  with  n £ 3 (Continued) 


* Not  an  autoioniaing  level 


2 2 

which  we  identify  as  the  2 S - 4 P transition  in  Fe  XXIV,  based  on 

the  calculated  wavelengths  given  by  Chapman  (1969).  This  identification 

was  originally  suggested  by  Meekins,  et  al.  (1968). 

2 

Using  the  extrapolated  position  of  the  Is  2p  - Is2p3p  line  we  can 

establish  the  wave  number  of  the  upper  level,  Is2p3p.  This  level  may 

also  decay  by  Is  3p  - Is2p3p.  We  were  able  to  calculate  the  position 

of  this  line  since  the  other  levels  involved  are  singly  excited  levels 

and  their  wave  numbers  may  be  obtained  from  the  tables  of  Moore 

(1949).  The  position  of  this  satellite  line  lies  very  near  to  that  of 

the  Is^  - l82p  line.  The  dispersion  of  the  spectrometer  is 

not  sufficient  to  resolve  the  satellite  line  from  the  ^P  line  for  silicon 

or  sulphur,  however,  in  aluminum  we  do  observe  a line  at  7.  776  A, 

very  near  to  the  extrapolated  wavelength  of  7.  787  A. 

2 

If  this  line  is  indeed  due  to  the  Is  3p  - Is2p3p  transition  there 
may  well  be  contributions  to  it  due  to  the  decay  of  other  levels  with 
configurations  1 eZhl 


} 
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III.  THE  HELIUM  LIKE  IONS 


There  have  been  a considerable  number  of  studies  of  the  doubly 

excited  levels  in  helium.  Much  of  this  work  has  been  stimulated  by 

the  resonances  in  the  e~  - H and  e~  - He^  excitation  cross  sections 

caused  by  coupling  to  these  levels.  This  work  has  been  recently 

reviewed  by  Burke  (1968).  Burke  also  summarizes  the  results  of  the 

2 2 . . 

calculation  of  the  energy  of  the  2s  , 2s2p,  and  2p  levels  in  helium. 

1 3 

Chan  and  Stewart  (1967)  have  calculated  the  energy  of  the  2s2p  ’ P 

levels  for  H”,  He  I,  Li  II,  Be  III,  and  B IV.  Perrott  and  Stewart 

2 1 2 1 

(1968a,  b)  have  calculated  the  energies  of  the  2p  D and  2s  S levels 

in  H",  He  I,  Li  II,  Be  III  and  B IV.  Goldsmith  (1969)  has  observed 

satellites  to  the  Be  IV  Lyman-o  line  which  he  has  identified  as  transitions 
o 2 5 1 

from  the  2s2p  P and  2p  P,  D levels  in  Be  III.  Peacock,  et  al.  have 

observed  two  satellites  to  the  Ne  X Lyman-o  line  which  they  have  identified 

as  due  to  transitions  from  the  2s2p  P and  2p  D levels,  and  Feldman  and  Cohen 

(1969)  have  observed  these  lines  in  C V.  In  Table  II  we  have  listed  those 

2 

transitions  from  the  2s2p  and  2p  levels  which  originate  from  autoionizing 
states  and  which  can  decay  to  a stable  configuration  by  a dipole  transition. 

Other  autoionizing  configurations  which  could  be  mixed  with  the  configu- 
rations satisfying  the  dipole  selection  rules  are  listed  in  the  second  column. 

In  Figure  5,  we  have  used  the  theoretical  and  experimental  results  dis- 
cussed above  to  extrapolate  the  wave  numbers  of  these  lines  relative  to 
the  Lyman-a  line  to  obtain  relative  wave  numbers  for  higher  members  of 
the  isoelectronic  sequence.  Roth  and  Elton  (1968)  have  reported  two  lines 


Table  II.  Traneitiona  from  the  ZaZp  and  2p  Levels  Originating  from  Autoionizing  States 


He  Li  Be  B C 0 Ne 

0 f — I 1 h 
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'S-2'P(He) 


I 3c _o  3 


PS-2^P(He) 
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O LABORATORY  OBSERVATIONS  I 'p-2 'D  (He) 

• WALKER  AND  RUGGE 
▼ MEEKINS.etol.  (1970) 

— SINGLY  EXCITED  UPPER  LEVEL 

• - DOUBLY  EXCITED  UPPER  LEVEL 


Figure  5.  Extrapolation  of  the  wave  numbers  of  the  helium  like  satellite 
lines  relative  to  the  Lyman-alpha  line,  based  on  laboratory 
observations  and  theoretical  calculations.  The  solar 
observations  of  the  satellite  lines  are  compared  to  the 
extrapolated  curves.  The  ion  in  which  each  line  occurs 
is  shown  in  parenthesis. 
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t near  the  O VIII  Lyman-a  line,  which  they  have  identified  only  as  O VIII 

I satellites.  We  have  compared  the  relative  wave  numbers  of  these  lines  with 

the  extrapolated  relative  wave  numbers  of  the  ls2p  - 2p^  and 
3 3 

; ls2s  S - 2s2p  P lines  in  Figure  5.  Based  on  the  excellent  agreement 

i 

in  wavelength,  we  suggest  that  the  lines  observed  by  Roth  and  Elton  ' 

are  the  same  transitions  which  have  been  observed  in  Be  III,  C V,  and 
i Ne  IX.  We  have  also  compared  the  extrapolated  relative  wave  numbers 

I of  these  transitions  with  those  of  the  two  weak  lines  observed  by  us  near 

! the  Mg  Xn  Lyman-a  line,  and  with  that  of  the  line  at  6.  265A  observed 

by  Meekins,  et  al.  (1970)  near  the  Si  XIV  Lyman-a  line.  The  Mg  Xn 
^ Lyman-a  line  and  the  weak  satellites  referred  to  here  are  shown  in 

^ Figure  6,  which  is  an  enlargement  of  the  spectrum  obtained  at  1642  UT 

I ) 

i on  March  20,  1969.  The  excellent  agreement  in  wavelength  and  the 

I observation  of  these  lines  in  laboratory  plasmas  make  their  identification 

in  the  solar  spectrum  quite  certain. 

It  appears  that  there  is  a weaker  line  between  the  6.  265A  line  and 
' the  Si  XrV  Lyman-a  line  in  the  spectrum  shown  in  Figure  3 of  the  paper 

by  Meekins,  et  eil.  (1970).  This  line  has  not  been  listed  in  Table  2 of 
their  paper,  but  may  be  another  transition  of  doubly  excited  Si  XIII.  In 
Figure  2 we  show  the  spectrum  near  Si  XIV  Lyman-a  obtained  at  1642  UT 
on  March  20,  1969.  We  have  indicated  the  position  of  the  four  satellite 
lines  listed  in  Table  II.  There  is  some  indication  of  several  weak  lines 
near  the  expected  positions  of  the  Si  Xni  lines;  however,  the  counting 
statistics  are  too  poor  to  allow  the  lines  to  be  reliably  recognized. 

> 
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Figure  6.  Enlargement  of  the  spectrum  near  the  Mg  XII  Lyman-alpha 

line  obtained  at  1642  UT  on  ly^arch  20,  1969  irom  the  OVl-17 

3 

satellite.  The  two  weak  satellite  lines  due  to  the  2s2p  P 
2 1 

and  2p  D levels  are  shown. 


r 
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IV,  DISCUSSION 


The  rate  coefficient  for  the  pr  oce  s B of  dielectronic  recombina- 
tion, which  we  presume  is  the  process  responsible  for  the  formation 
of  the  doubly  excited  states  which  we  have  observed,  has  been  derived 
by  Shore  (1969).  The  rate  for  recombination  to  a particular  singly 
excited  state  s,  through  a doubly  excited  state  d is  given  by; 


n 17  M Mfi  exp  (-t/kT)  *^d  A^^^(d— s)  A^^^°(d— it)  cm'sec"),. 

R - 17,12  N^N(i)  r*'ad{d)+  rauto(d) 


The  state  i is  the  initial  state  of  the  unrecombined  ion,  which  will  be 


assumed  to  be  the  ground  state;  c is  the  energy  of  the  electron  before 


capture;  and  are  statistical  weights;  A^**^  and  are  the 


transition  probabilities  of  the  state  d for  radiative  decay  to  state  s,  and 
autoionization  to  state  i€  , and  F and  F are  the  total  widths 


for  all  modes  of  radiative  decay  or  autoionization.  Perrott  and  Steward 


2 1 1 

(1968a,  b)  have  calculated  the  autoionization  widths  of  the  2p  D,  S and 


.2  1, 


2s  S states  of  the  helium  like  ions  up  to  B IV.  They  have  also  given 
formulas  for  the  extrapolation  of  these  widths  to  higher  Z.  The  auto- 


ionization width  Fis  not  strongly  dependent  on  Z.  In  order  to  compute 

R we  must  also  know  a'^^^  and  F^^^.  Knox  and  Rudge  (1969)  have 

calculated  the  transition  probability  of  doubly  excited  triplet  states 
3 

to  the  ls2s  S state  of  helium. 

9 -1 

their  result  is  6. 1 x 10  sec 


3 3 3 

to  the  ls2s  S state  of  helium.  For  the  transition  ls2s  S - 282p  P 
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The  value  of  for  the  transition  IsZp  - 2p^  maybe  deduced 

3 3 

to  be  approximately  twice  that  of  ls2s  S - ZeZp  P by  neglecting  the 

difference  between  the  radial  integrals  of  the  two  transitions,  and  using  the 

multiplet  strength  tables  of  Allen  (1963).  We  shadl  adopt  this  value,  scaled 
2 

by  (AE  /AE„  ) for  higher  members  of  the  isoelectronic  sequence. 

^ z He 

1 2 1. 

We  then  compute  the  intensity  for  the  IsZp  P - 2p  D line  of  Mg  XI 
to  be; 

F(2  -1  ^P)  = 2.  34xlO~^^NgN(i)  exp  (-e/kT) photons/cm^-sec  (2) 

at  the  earth.  The  flux  in  the  Mg  XII  Lyman-a  line  may  be  estimated  by 
Van  Regemorter's  (1962)approximate  formula  for  allowed  transitions^ 

_-iQ  1/2  2 

F,  =4x10  °N  N(i)exp(-ET  /kT)/T  photons/cm  -sec  (3) 

Ly-a  e L,y-a 

1 1 ”3 

at  the  earth.  The  ratio  F( 2 D-1  P)/F,  varies  from  16  x 10  at 

j_<y  — Q 

A 3 7 

6 x 10  K to  7.  5 X 10  at  10  K.  This  ratio  compares  well  with  the 
experimental  ratio  of  5 x 10  for  the  spectrum  obtained  at  1642  UT  on 
March  20,  1969  shown  in  Figure  6.  Shore  has  computed  the  total  dielectronic 
recombination  rate  for  hydrogen  like  ions  up  to  O VIII.  If  we  extrapolate 
his  results  to  Mg  XIl,  we  may  predict  the  emission  rate  for  photons  of 
wavelength  close  to  Mg  XII  Lyman-a  (due  to  stabilizing  transitions  of 
the  type  Is  n/  — 2pn/ ) . 

-2 

Using  (as  defined  by  Shore)  = 5 x 10  we  obtain 
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F?  =2.22xlO“^®N  N(i)exp(-E,  /kT)/T^'^^  photons /cm^-sec  (4) 
Ly  -Q  e i->y  -a 

at  the  earth.  The  ratio  F?  /F^  varies  from  9 x 10“^  at 

Ly  -a  Ly  -a 

6 X 10^  K to  6 X 10”^at  10^  K.  Since  is  not  a strong  function 

iT&cl  4 

of  Z,  while  r (d)  will  increase  roughly  as  Z and  collisional 

2 

excitation  will  decrease  roughly  as  Z , dielectronic  recombination 
should  be  a more  efficient  radiation  process  for  the  Lyman-o  lines 
of  silicon,  sulphur,  argon,  calcium  and  iron,  all  of  which  have  been 
observed  in  the  corona, 

Burgess  and  Summers  (1969)  have  discussed  the  effect  of  electron 

» 

density  in  decreasing  the  dielectronic  recombination  rate  due  to 

e + X‘'’^^"^V,n/)  X''’^{i)  + e + e,  (5) 

where  X^^^”^\i,n/)  represents  a stabilized  ion  which  has  undergone 

dielectronic  recombination,  but  has  not  had  time  to  allow  the  recombined 

electron  to  decay  to  the  lowest  unoccupied  level.  It  should  be  emphasized 

that  this  process,  while  decreasing  the  recombination  rate,  will  not 

decrease  the  rate  of  radiation  due  to  stabilizing  transitions,  which  are 

-12 

in  general  dipole  transitions  with  lifetimes  of  10  seconds  or  less. 

If  the  reaction  described  in  equation  (6)  is  not  important  recombination 
to  a hydrogenic  ion  will  result,  because  of  transitions  by  the  captured 
electron,  in  a photon  belonging  to  the  principal  series  of  the  helium  like 
ion. 
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2 2 2 

If  the  identification  of  the  Is  28  S - ls282p  P line  is  correct, 

2 2 

we  would  expect  the  decay  of  the  l82p  D level  to  make  a significant 

2 1 3 

contribution  to  the  observed  Is  S - l82s  S line  flux  for  Si  XIII, 

and  higher  members  of  the  helium  isoelectronic  sequence.  The 

relative  intensity  of  the  ls^2s  • Is2s2p  and  Is^  - l82p  ^P  lines 

2 2 

is  0.  07  for  Ne,  0. 16  for  Si,  and  0.  21  for  S.  The  decay  of  the  ls2p  S 
2 

and  l82s2p  P levels  results  in  lines  which,  at  present,  cannot  be 

2 1 3 

resolved  from  the  Is  S - Is2p  P line,  and  may  contribute  significantly 
to  the  observed  flux  for  the  highly  charged  ions  of  the  helium  isoelectronic 
sequence.  Autoionizing  states  with  configurations  ls2pn^  with  n 2 3 would 
appear  to  result  in  lines  with  wavelengths  very  close  to  that  of  the  Is^  ^S  - 
l82p  ^P  line.  Unfortunately,  there  appear  to  be  very  few  calculations 
of  autoionizing  widths  for  ions  in  the  lithium  isoelectronic  sequence. 
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V.  CONCLUSIONS 


I i 

X ✓ 

We  have  observed  coronal  lines  due  to  the  decay  of  doubly  excited  states 
in  the  helium  and  lithium  like  ions  of  magnesium,  silicon,  and  sulphur. 

i 

With  the  exception  of  one  weak  line  in  Si  XII,  all  of  the  lines  are  due  to 
upper  levels  which  are  autoionizing.  The  one  line  observed  which  is  not 
autoionizing  is  considerably  weaker  than  an  autoionizing  line  from  an 
upper  level  with  the  same  configuration,  but  a different  term.  The  observ- 
ed intensity  of  the  IsZp  ^ p - 2p^  line  in  Mg  XI  is  consistent  with  the 
intensity  expected  for  the  formation  of  the  upper  level  by  dielectronic 
recombination.  . 

7 2 2 2 1 

The  intensity  of  the  Is^Zs  S - Is2s2p  P line  relative  to  the  Is  S - 

I ^ ls2p  ^P  line  increases  in  intensity  with  increasing  nuclear  charge 

as  would  be  expected  if  the  upper  level  is  formed  by  dielectronic  recombi- 
nation. 

The  most  consistent  explanation  of  the  origin  of  the  weak  autoioniz- 
ing lines  which  we  have  observed  in  helium  like  and  lithium  like  ions  is 
the  process  of  dielectronic  recombination  in  hydrogen  like  and  helium  like 
ions  respectively. 
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V.  RELATIVE  INTENSITIES  OF  THE  LYMAN  LINES  OF 
HYDROGEN- LIKE  OXYGEN,  MAGNESIUM,  AND 
SILICON  IN  THE  SOLAR  CORONA* 

H.  R.  Rugge  and  A.  B.  C,  Walker,  Jr. 

ABSTRACT 


Observations  of  the  relative  intensities  of  the  Lyman  lines  of 
hydrogen-like  O VIII,  Mg  XII,  and  Si  XIV  in  the  solar  corona  have 
been  made  by  satellite-based  x-ray  crystal  spectrometers  and  are 
reported  here.  A comparison  between  the  experimentally  observed 
values  of  the  intensity  ratio  of  the  Lyman  a to  the  Lyman  P line 
(Lyman  ratio)  has  been  made  with  the  recent  theoretical  predictions 
of  this  ratio  by  Hutcheon  and  McWhirter  for  low  density  plasmas. 
Good  agreement  is  found  between  the  theory  and  observations  for 
those  times  for  which  we  have  derived  a valid  coronal  temperature 
model  and  applied  it  to  the  temperature-dependent  theoretical  ratio. 
Observations  made  at  times  of  greater  solar  activity  appear  to  be 
inconsistent  with  the  theory. 


This  paper  has  also  been  published  as  TR-0074(9260-02)-5,  The  Aerospace 
Corporation,  El  Segundo,  California  (30  April  1974)  and  in  Astronomy  and 
Astrophysics  33,  367-371  (1974). 
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I.  INTRODUCTION 


The  relative  intensities  of  spectral  lines  of  hydrogen-like  ions 

formed  in  a plasma  of  sufficiently  low  density  reflect  the  magnitudes 

of  the  rate  constants  responsible  for  the  population  and  depopulation 

of  the  individual  excited  states.  In  particular,  for  the  hydrogen-like 

ions  of  carbon  and  heavier  elements,  densities  in  the  solar  corona  are 

2 

sufficiently  low  to  allow  the  metastable  2s  S level  to  decay  by  two 
photon  emission  (Beigman  and  Vainshtein,  1967;  Smith,  1969).  As  a 
result  the  relative  intensities  of  the  Lyman  lines  become  independent 
of  density  and  are  only  functions  of  temperature.  We  have  recently 
reported  the  fluxes  of  a number  of  solar  coronal  emission  lines  derived 
from  several  spectra  obtained  under  a variety  of  solar  conditions  (Walker, 
Rugge  and  Weiss  1974  a,  b,  hereafter  referred  to  as  papers  I and  II)  in 
the  wavelength  range  between  3 and  25  A.  These  data  were  taken  with 
crystal  spectrometers  flown  onboard  the  satellites  OVl-10  and  OVl-17. 

The  purpose  of  this  paper  is  to  make  a detailed  comparison  between  the 
ratio  of  the  intensities  of  the  Lyman  o and  Lyman  p lines  (hereafter  called 
the  Lyman  ratio)  observed  in  these  spectra  for  O VIII,  Mg  XII  and  Si  XIV 
and  the  recent  theoretical  predictions  of  the  temperature  dependence  of 
these  ratios  for  a low  density  Maxwellian  plasma  made  by  Hutcheon  and 
McWhirter  (1973)  using  the  latest  atomic  rate  coefficient  data.  Thermal  models 
of  the  corona  were  constructed  for  use  in  this  comparison.  These  models, 
which  take  the  form  of  differential  emission  measure  functions,  were 
constructed  for  conditions  of  relatively  quiet  solar  activity  using  extensive 
data  from  two  series  of  spectral  scans.  In  addition,  we  also  present  the 
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observed  Lyman  ratio  for  several  spectra  taken  near  times  of  en- 
hanced solar  activity  as  well  as  relative  intensities  of  some  higher 
members  of  the  Lyman  series  of  lines  in  Mg  XII  and  Si  XIV. 


f 

I 

i 
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II.  HUTCHEON  AND  McWHIRTER  THEORY 

Recently,  Hutcheon  and  McWhirter  (1973)  have  extended  the 
earlier  calculations  of  population  densities  and  resonance  line 
intensities  of  hydrogen-like  ions  of  McWhirter  and  Hearn  (1963)  to 
apply  to  the  low  density  conditions  found  in  the  solar  corona.  The 
analysis  of  Hutcheon  and  McWhirter  includes  four  population  and 
depopulation  processes  which  operate  at  low  densities  and  includes 
the  separate  treatment  of  the  hydrogen-like  2s  and  2p  sublevels  and  the 
effect  of  cascades  for  levels  up  to  principal  quantium  number  20. 
Cascade  contributions  for  higher  levels  are  treated  by  an  asymptotic 
formula.  The  four  low  density  processes  included  in  the  Hutcheon  and 
McWhirter  analysis  are: 

(1)  Electron  excitation  and  de- excitation 

(2)  Ionization  and  three-body  recombination 

2 

(3)  Radiative  decay  (including  two  photon  decay  of  2s  S). 

(4)  Radiative  recombination. 

Hutcheon  and  McWhirter  do  not  consider  the  population  and  de- 
population of  the  doubly  excited  levels  np  n'^t,'  in  helium-like  ions. 
Radiative  decays  of  these  levels  can  result  in  photons  which  are  ob- 
servationally  indistinguishable  from  Lyman  line  photons  in  hydrogenic 
ions  since 


^l8-»np  ^Is  n't'-Kip  n'-t' 


n'>  n+2  . 


I 
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Walker  and  Rugge  (1971)  have  discussed  these  transitions,  and  we 

2 

have  observed  transitions  from  the  2s2p  and  2p  levels  (Paper  I), 
which  are  resolvable  from  Lyman  a,  for  magnesium  and  silicon. 

Shore  (1969)  points  out  that  the  rate  coefficient  for  dielectronic 
recombinations  into  doubly  excited  levels,  which  accounts  for  sub- 
stantially all  of  their  population  for  equilibrium  conditions  (Gabriel 
and  Paget,  1972),  is  proportional  to  the  oscillator  strength  of  the 
corresponding  Lyman  transition.  Since  for  the  allowed  Lyman 
transitions  the  collisional  excitation  coefficient  is  also  proportional 
to  the  oscillator  strength  (Van  Regemorter,  1962)  the  Lyman  ratios 
which  result  from  dielectronic  recombination  and  from  direct  col- 
lisional excitation  should  be  equal.  Since  collisional  excitation  is 

2 

the  major  population  mechanism  for  the  excited  levels  np  P of 
hydrogen-like  ions  in  the  corona,  the  neglect  of  the  decay  of  doubly 
excited  levels  by  Hutcheon  and  McWhirter,  which  in  any  event  con- 
tribute less  than  1%  of  the  observed  line  flux  for  O VIII  and  less  than 
10%  for  Si  XIV  (Walker,  1972)  should  not  preclude  the  use  of  their 
results  to  predict  Lyman  line  intensity  ratios  in  the  corona  to  accept- 
able accuracy. 

The  Lyman  ratio  calculated  by  Hutcheon  and  McWhirter  is  shown 

2 

in  figure  1 plotted  vs.  reduced  electron  temperature,  0=  T^/Z  where 
is  the  electron  temperature  (in  °K)  and  Z is  the  nuclear  charge  of 
the  hydrogen-like  ion. 
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REDUCED  ELECTRON  TEMPERATURE  = T^Z^  (K) 

Figure  1.  The  Lyman  Ratio  vs.  Reduced  Electron  Temperature 
as  Calculated  by  Hutcheon  and  McWhirter  for  Coronal 
Densities  and  a Maxwellian  Plasma.  The  reduced 
electron  temperature  is  given  by  0 = Tg/Z^  where  Tg 
is  the  true  electron  temperature  and  Z is  the  nuclear 
charge  of  the  hydrogen- like  ion. 
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m.  LYMAN  RATIO  CALCULATION 

In  order  to  make  a comparison  of  the  Lyman  ratios  calculated 
by  Hutcheon  and  McWhirter  with  our  observed  ratios,  the  theoretical 
values,  which  are  a function  of  temperature,  must  be  integrated  over 
the  coronal  temperature  distribution  (differential  emission  measure) 
which  prevailed  in  the  corona  at  the  time  of  the  observation.  We  may 
compute  the  proper  theoretical  ratio  for  element  Z according  to  the 
formula  (Paper  I). 


dT  M(G,  , T ) F 
e k*  e 


dT^  M(G^,  T^) 


where  F„  and  F_q  are  the  photon  fluxes  of  Lyman  a and  Lyman  P,  and 
Z Q Z p 

M(G,  , T ) is  the  differential  emission  measure  of  the  corona  at  the 

Kk  6 

electron  temperature  T^,  which  is  specified  by  the  parameters  Gj^(8ee 
paper  I).  If  we  define  R„  a(T  ) as  the  Lyman  ratio  calculated  by  Hutcheon 
and  McWhirter,  the  observed  ratio  may  be  calculated  from  the  formula  (1) 


«z«p  = V^Zo<V//"e 

[f  Z«<'rel  / "zapC^.’j  «> 


We  have  carried  out  the  integrals  in  equation  2 for  two  sets  of 
observations;  the  first  for  8 spectral  scans  of  a KAP  crystal  obtained 
near  1730  UT  on  4 January  1967  and  the  second  for  a spectral  scan  with 
an  EDDT  crystal  obtained  near  0604UT  on  20  March  1969.  For  both 
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observations  the  differential  emission  measure  takes  the  form  (Papers 

I and  11). 

M(T^) 

= CIO  ^ * 1 

1 ± 1.  1513  (T2-Tjj)/Tj 

- 1.1513B  (T^-Tq)^/Tj  (T^-Tq)]  1.0x10^  °KsT^sT^ 

(3a) 

M(T^) 

-T  /T 

= CIO  ^ ^ 

1 ± 1.  1513  (T2-Tq)/Tj 

- 1.  1513  (T^-Tq)^/Tj  (T^-Tjj)]  Tq  i T^  s T^ 

(3b) 

M(T^) 

-T  /T, 

= CIO  ® ^ 

'^e^^2 

(3c) 

with  Tq  = 2 X lO^K  and  = 3 x lO^K  for  both  sets  of  observations. 

The  best  fit  for  4 January  1967  was  found  for  = 4.  0 x lO^K,  and  for 
20  March  1969  (0604UT)  the  best  fit  was  obtained  with  = 3.  5 x lO^K. 

In  carrying  out  the  integral  in  equation  2,  we  have  approximated  the 
emission  function  for  Lyman  a by  assuming  collisional  excitation  as 
the  only  process  for  populating  the  2p  state.  Explicit  calculations  of 
Hutcheon  and  McWhirter  for  the  Lyman  a line  including  all  processes 
are  not  available.  This  approximation  will  introduce  an  error  considerably 
smaller  than  that  already  existing  in  the  theoretical  calculation  as  a result 
of  uncertainties  in  the  atomic  rate  coefficients  or  in  the  observations  them- 
selves. The  values  obtained  for  R,  calculated  from  the  theory  of  Hutcheon 
and  McWhirter  and  the  evaluation  of  the  integrals  in  equation  2,  are 
presented  for  O VIII,  Mg  XII  and  Si  XIV  in  Table  1 under  the  column 
labeled  Predicted  Ratio.  The  indicated  uncertainties  in  the  ratio  (±15%) 
are  those  estimated  by  Hutcheon  and  McWhirter  to  be  due  to  the  present 
uncertainties  in  the  atomic  rate  coefficients  used  in  the  calculation. 
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IV.  LYMAN  INTENSITY  OBSERVATIONS 


[ 


The  O VIU  observations  used  in  this  note  were  obtained  on  4 
January  1967  from  8 consecutive  scans  of  a KAP  crystal  spectrometer 
flown  onboard  the  OVl-10  satellite  (Paper  II).  The  spectra  were  added 
to  obtain  very  good  counting  statistics  resulting  in  the  relatively  small 
uncertainty  in  the  Lyman  ratio  displayed  in  Table  1.  Appropriate 
corrections  were  made  to  the  photon  fluxes  to  take  into  account  the 
measured  spectrometer  efficiency  which  is  a function  of  wavelength. 

The  Mg  XII  and  Si  XIV  observations  were  made  on  20  March  1969 
with  an  EDDT  crystal  spectrometer  flown  onboard  the  OVl-17  satellite 
(Paper  I).  A variety  of  solar  activity  conditions  applied  during  the  4 
(5  in  the  case  of  Mg  XII)  scans.  The  0555UT  and  0604UT  spectra  were 
taken  during  relatively  quiet  conditions  as  indicated  by,  for  example, 
the  Mg  XII  Lyman  a line  fluxes,  while  considerably  higher  counting 
rates  applied  for  the  Lyman  a line  at  the  other  times  listed  in  Table  1. 

The  relative  Lyman  aline  strengths  (in  counts)  are  given  in  Table  1 in 
parentheses  in  the  relative  intensity  columns.  Two  flares  occurred  at 
1550UT  and  16300UT  on  20  March  1969,  following  the  1529UT  scan  and 
preceeding  the  1642UT  scan,  thus  probably  accounting  for  the  largest 
Lyman  a coimting  rates  being  observed  in  the  1642UT  spectrum. 

The  counting  rates  were  corrected  for  the  measured  spectrometer 
efficiencies  at  the  appropriate  wavelengths  and,  in  addition,  the  fluxes 
of  the  Si  XIV  Lyman  P line  were  corrected  for  blending  with  the  Si  XIII 
1 ^S  - 6 ^P  line  by  assuming  the  ratio  of  the  Si  XIII  1 S-6  Ptol  S-5  P 
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Table  1 

Lyman  Ratio  and  Relative  Intensities  of  the 
Lyman  Lines  in  the  Solar  Corona  (Photons) 

O Vm  4 January  1967  1720-1 752 UT  (8  scans) 

Predicted  Lyman  Ratio  Observed  Lyman  Ratio 

1720- 1752 UT  1720- 1752 UT 

10.8  ±1.6  10.  5 ± 0.  5 

Relative  Intensities 
1720-1752  UT 

Ly  a 1 (8000  counts  - 8 scans) 

Ly  P 0.  095 

Mg  XII  20  March  1969 

Predicted  Lyman  Ratio  Observed  Lyman  Ratio 

0604UT  0555UT  0604UT  1529UT  1642UT  1706UT 

10.8±1.6  10.3±2,6  9.9±2.8  6.0±0.5  8. 0 ± 0. 5 7.5±0.6 


Relative  Intensities 

0555UT  0604UT  1529UT  1642UT  1706  UT 


Ly  a 
Ly  p 
Ly  y 
Ly  6 
Ly  e 


1(1100  counts) 
.097 


1(700  counts) 
. 10 

05 


1(4200  counts) 
. 167 

.02 


1(8000  counts) 
. 125 

~.02 

01 


1(5000  counts) 
. 13 

~.03 
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Table  1 (continued) 


S XIV  20  March  1969 


Predicted  Lyman  Ratio 

Observed  Lyman  Ratio 

0604UT 

0604UT 

1529UT 

1642  UT 

1706  UT 

10.2  ±1.5 

7.2  ± 5.  5 

6.7  ± 2.0 

3.  9 ± 0.6 

7.2  ± 2. 

Relative  Intensities 

0604UT 

1529UT 

1642UT 

1706  UT 

Ly  a 1(50  counts) 

1(370  counts) 

1(750  counts) 

1(250  counts) 

V.  DISCUSSION 


Since  a coronal  differential  emission  measure  was  derived  for 
only  the  spectra  obtained  on  4 January  1967  (O  VIII)  and  the  0604UT 
spectrum  obtained  on  20  March  1969  (Mg  XII,  Si  XIV),  these  are  the 
only  times  for  which  a definitive  comparison  can  be  made  between  the 
observed  Lyman  ratios,  as  reported  here,  and  the  Lyman  ratios 
obtained  by  an  integration  of  the  Lyman  ratio  predicted  by  Hutcheon 
and  McWhirter  through  the  temperature  structure  of  the  corona  as 
characterized  by  the  differential  emission  measure  function  which 
applied  at  the  time  of  the  observations.  Table  1 shows  that  for  these 
times  the  predicted  and  observed  ratios  are  in  good  agreement,  well 
within  the  uncertainties  of  the  observations  which,  unfortunately,  are 
non-negligible  for  the  0604UT  Mg  XII  and  Si  XIV  ratios  as  a result  of 
the  relatively  low  counting  rates  for  these  lines.  Solar  activity  conditions 
for  the  0555UT  Mg  XII  scan  were  much  more  similar  to  the  0604UT  scan 
than  to  scans  taken  at  somewhat  later  times,  as  indicated  by  the  total 
counts  in  the  Mg  XU  Lya  lines  (Table  1).  The  observed  Lyman  ratio  at 
0555UT  is  again  in  good  agreement  with  the  predicted  value  at  0604UT 
and  essentially  the  same  as  the  ratio  measured  at  0604UT,  only  10  minutes 
later.  However,  for  the  three  scans  taken  at  1529UT,  1642UT  and  1706UT, 
the  observed  Lyman  ratio  falls  systematically  below  the  predicted  value  for 
both  Mg  XII  and  Si  XIV  and,  at  times,  well  outside  the  combined  un- 
certainties of  the  predicted  and  observed  ratios.  The  regions  primarily 
producing  the  Mg  XU  and  Si  XIV  lines  were  considerably  more  active  than 
in  the  previous  scans  as  indicated  by  the  Lyman  a counts  and,  as  mentioned 
above,  flares  occurred  at  about  1550UT  and  16300UT.  If  the  Hutcheon  and 


and  McWhirter  theory  is  correct,  and  we  obtain  good  agreement 
with  the  theory  for  these  periods  in  which  we  can  confidently  define 
the  coronal  model,  then  the  disagreement  obtained  at  the  later  times 
must  be  a consequence  of  the  breakdown  of  some  of  the  theoretical 
assumptions  or  the  lack  of  inclusion  of  processes  which  play  an  important 
role  only  during  more  active  solar  times.  It  might  be  assumed,  as  is 
surely  the  case,  that  the  emission  measure  differs  considerably  at  these 
later  times  from  that  which  obtained  at  0604UT.  This,however,  cannot 
explain  the  large  divergence  between  the  theory  and  observations  since 
the  minimum  value  the  theory  ever  attains  (for  a reduced  temperature 
©=  T/Z^  = 256  X 10^  °K,  i.  e.  T - 50  x 10^  °K  for  Si  XIV)  for  the  Lyman 
ratio  is  R ^ 7,  regardless  of  the  dependence  of  the  emission  measure  on 
temperature  (see  Fig.  1).  Any  "reasonable"  emission  measure  function 
will  yield  even  higher  values  for  R.  Both  the  ratios  derived  at  1529UT 
for  Mg  XII  and  for  Si  XIV  at  1642UT  clearly  have  a value  less  than  this 
minimum  theoretical  value. 

A possible  error  in  the  observational  data  which  could  give  rise  to 
a smaller  ratio  would  be  the  blending  of  a line,  which  is  excited  only  at 
high  temperatures  associated  with  solar  activity,  with  the  Lyman  P line. 
However,  we  have  searched  the  finding  list  of  emission  lines  in  the  recent 
compilation  of  Kelly  and  Palumbo  (1973),  and  can  find  no  lines  which  are 
coincident  with,  or  sufficiently  close  to,  the  wavelength  of  the  Lyman  P 
lines  of  Mg  XII  and  Si  XIV.  At  this  time  we  cannot  recommend  a ready 
solution  to  this  pr-blem,  but  conclude  that  for  relatively  quiet  solar  times 
when  we  can  construct  an  accurate  coronal  model,  good  agreement  is  found 
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between  observed  and  predicted  Lyman  ratios  for  O VIII,  Mg  XII  and 
Si  XIV. 


U 


A number  of  authors  (e.g,  Beigman  and  Vainshtein,  1967;  Jacobs, 
1968)  have  suggested  that  the  Lyman  ratio  observed  for  various  hydrogen- 
like ions  in  the  corona  may  be  used  to  derive  a coronal  temperature.  K 
we  use  figure  1 and  the  calculated  Lyman  ratios  to  obtain  such  a "coronal 
temperature",  T^,  for  the  appropriate  times  we  have:  =»  Z.  1 x 10^  °K 

for  O Vm,  =-  4.  6 X 10^  °K  for  Mg  XII  (0604UT)  and  - 6.  9 x 10^  °K 
for  Si  XIV  (also  at  0604UTI)  In  fact  the  temperature  corresponding  to  the 
peak  of  the  emission  functions  (temperature  at  which  M(Gj^,  T^) 
is  a maximum)  for  the  coronal  emission  measure  of  4 January  1967, 
applying  to  O vm,  is  ^ 2.  75  x 10^  °K.  For  0604UT,  20  March  1969 
for  Mg  XII  and  Si  XIV  the  respective  peak  emission  function  temperatures 
are  ^ 6.2  x 10^  °K  and  10.  5 x 10^  °K.  These  results  suggest  that 
considerable  caution  must  be  exercised  in  interpreting  Lyman  ratios  to 
obtain  "coronal  temperatures".  The  cause  of  this  effect  is  the  very  rapid 
increase  in  the  Lyman  ratio  at  low  temperatures  as  shown  in  figure  1. 

The  convolution  of  these  theoretical  ratios  with  any  reasonable  emission 
function  may  predict  coronal  temperatures  considerably  lower  than  the 
temperature  of  most  efficient  excitation  of  a particular  hydrogen-like 
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VI.  RELATIVE  CORONAL  ABUNDANCES  DERIVED  FROM  X-RAY 
OBSERVATIONS,  I:  SODIUM,  MAGNESIUM,  ALUMINUM, 
SILICON,  SULFUR,  AND  ARGON* 

A.  B.  C.  Walker,  Jr. , H.  R.  Rugge,  and  Kay  Weiss 


ABSTRACT 


We  have  observed  the  coronal  spectrum  between  3.  5 and  8.  5 A and 
several  levels  of  coronal  activity,  and  determined  absolute  fluxes  for  79  lines 
and  for  the  continuum.  Identifications  have  been  determined  for  the  majority 
of  the  lines  observed,  and  in  particular  for  the  resonance  lines  of  Mg  XI, 

Mg  XII,  A1  xn,  A1  Xin,  Si  xm,  Si  XIV,  SXV  and  SXVI.  The  measured  fluxes 
of  these  lines  have  been  used  to  construct  a model  of  the  temperature  depen- 
dence of  the  coronal  emission  measure  between  1. 5 and  10x10  K.  This 
model  is  used  to  determine  the  relative  abundances  of  Mg,  Al,  Si,  and  S. 

The  relative  abundances  of  Ar  and  Na  were  also  computed,  using  the  observed 
intensities  of  weak  lines  of  these  two  elements.  The  relative  abundances 
found  are  (Ag^^  has  been  arbitrarily  set  equal  to  35  X 10  , = 30  X 10  , 

A^j  = 2.  5 X 10"6,  Ag^  = 35  X 10"^,  Ag  = 9 X 10'^,  A^^  = 6 X 10"^,  and 

A,  =1.7x10"^.  These  abundances  are  in  good  agreement  with  the  results 
Na 

of  previous  analyses  of  the  coronal  XUV  spectrum,  and  with  photospheric 
abundances. 

We  have  used  the  coronal  model  based  on  the  line  fluxes  to  calculate  the 
expected  continuvim  fluxes,  and  compared  these  calculated  fluxes  with  the 
observed  continuum  fluxes.  The  agreement  between  calculated  and  observed 
continuum  flux  is  good  near~8A,  however,  the  calculated  spectrum  falls  off 
more  rapidly  than  the  observed  spectrum  below '-bA. 


*Xhis  paper  has  also  been  published  as  TR-0074(9260-02)-2,  The  Aerospace 
Corporation,  El  Segundo,  California  (21  November  1973)  and  in  The 
Astrophysical  Journal  188,  423-440  (1974). 
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I.  INTRODUCTION 


The  flux  in  the  solar  Spectrum  below  25  A is  highly  variable.  All 
of  the  emission  lines  observed  in  this  spectral  region  have  their  maximum 
emission  at  temperatures  in  excess  of  1.  5 - 1.8  x 10^  *K>  the  temperature 
at  which  previous  analyses  of  EUV  line  fluxes  [Jordan  (1966),  Pottasch 
(1967),  and  Widing  and  Sandlin  (1968)1  have  found  a maximum  of  material 
in  the  corona.  These  lines  originate  in  ions  which  have  appreciable  abun- 
dance primarily  in  active  regions. 


We  have  studied  the  solar  spectrum  below  25  A with  three  uncollimated 
Bragg  crystal  spectrometers  and  a proportional  counter  on  board  the  satel- 
lite OVl-17  (1969  - 025A),  which  was  launched  in  March  of  1969.  In  this 
paper  we  use  observations  obtained  with  the  proportional  counter  and  one 
of  the  three  crystal  spectrometers  to  report  on  the  absolute  flux  in  the  solar 
Spectrum  below  8.  5 A during  a period  of  high  solar  activity  on  1969  March 
20.  We  have  used  these  fluxes  to  construct  models  of  the  structure  and  com- 
position of  the  solar  atmosphere. 


In  a series  of  pioneering  papers,  Pottasch  (1967)  made  use  of  solar 
EUV  line  fluxes  to  construct  a model  of  the  solar  atmosphere,  and  to  deter- 
mine elemental  abundances.  His  analysis  is  based  on  a technique  which 
averages  over  the  emission  function  of  ions  which  have  a significant  frac- 
tional abundance  over  a narrow  temperature  range.  Pottasch's  method  must 
be  modified  for  the  high  temperature  Region  of  the  solar  atmosphere  since  many 
of  the  important  ions  are  helium-like  and  have  a large  fractional  abundance 
over  a broad  temperature  range,  while  the  emission  measure  may  be  a rapidly 
varying  function  of  temperature.  In  addition,  Pottasch  considered  only  line 
emission  resulting  from  collisional  excitation.  Recently,  it  has  been  demon- 
strated [Walker  and  Rugge  (1971),  Walker  (1972)  and  Gabriel  (1972)]  that  die- 
lectronic  recombination  can  make  substantial  contributions  to  resonance  line 
fluxes. 


In  analysing  x-ray  line  fluxes  to  construct  a model  of  the  coronal 
structure,  we  have  included  the  line  emission  accompanying  dielectronic 


recombination,  and  explicitly  include  the  temperature  variation  of  the  emis- 
sion function  for  each  line  considered. 

Although  we  have  presented  the  fluxes  for  three  levels  of  solar  activity, 
we  have  analysed  only  one  set  of  line  fluxes,  which  we  believe  were  obtained 
during  conditions  of  thermal  equilibrium  in  the  corona. 


II.  experimental  METHOD 


The  OVl-17  crystal  spectrometers  were  accurately  pointed  at  the 
sun  by  a compact  solar  pointer  [Cha ter  and  Howey  (1967)3.  We  shall  be 
concerned  here  with  only  one  of  the  crystals  used;  EDDT  (2d  s 8.  81A).  Thi* 
spectrometer  is  driven  by  a synchronous  motor  and  scans  continuously  through 
^ 360  deg.  Two  crystals  (EDDT  and  LiF)  are  mounted  back  to  back.  X-rays 

^ diffracted  from  the  crystals  are  recorded  by  a krypton  filled  proportional 

\ 2 

counter,  with  a 5.  8 mg /cm  beryllium  window.  The  events  recorded  are  stored 

in  scalers  which  are  sampled  every  0.11  sec,  which  corresponds  to  1.  67 
arcmin  of  crystal  travel.  This  number  was  erroneously  reported  as  1.  9 arc 
min  in  Walker  and  Ru|ge  (1970).  In-flight  calibration  of  the  detector 
is  provided  by  an  Fe  source  mounted  at  one  end  of  the  crystal  holder.  No 
change  in  the  source  induced  counting  rate  was  observed  in  flight,  when  com- 
pared to  laboratory  calibration.  Events  observed  in  the  detector  are  recorded 
only  if  their  energy  corresponds  to  a preselected  range,  defined  by  a pulse 
height  window.  The  energy  analysis  of  the  recorded  events  reduces  background 
events  and  scattered  light  to  a low  level. 

« ^ The  spectrometers  were  calibrated  in  the  laboratory,  using  a demount- 

able Henke-type  x-ray  tube  [Henke  (1963)]  to  excite  characteristic  x-ray  lines 
( from  a fluorescent  target.  The  entire  instrument  was  calibrated  in  flight  con- 

figuration at  seven  wavelengths.  The  Mn  Ker  measurements  were  obtained  by 

55 

using  an  intense  Fe  radioactive  source.  A flow -proportional  counter  was 
used  to  determine  the  absolute  flux  in  the  calibrating  beam.  The  efficiency 
of  the  EDDT  spectrometer  was  also  calculated  using  the  measured  efficiency 
of  each  component  of  the  spectrometer  according  to  the  relation 

E(X)  = P (X)R^(X)w^  Ej(X)  A^  =€(X)  P (X) 

where  E (X)  is  the  energy  recorded  under  the  observed  line,  P (X)  is  the  in- 
cident power,  R^  (X)  is  the  coefficient  of  reflection  of  the  crystal, o;  is  the 
angular  velocity  of  the  crystal,  E^OO  is  the  detector  efficiency,  and  A^  is 
the  detector  area.  The  directly  measured  aud  computed  efficiencies  for 
EDDT  are  shown  in  Figure  1,  along  with  the  efficiency  curve  which  was  used 
to  obtain  the  absolute  fluxes  reported  here. 

t 
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m.  OBSERVED  SPECTRA 
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‘v  . We  ehell  report  here  on  EDDT  spectra  obtained  at  0602  UT,  1529 

UT.  1642  UT.  and  1706  UT  on  1969  March  20.  The  sun  was  highly  active 
on  that  day.  The  daily  2600-MHb  solar  flux  measured  at  Ottawa  was  2l5 
flux  units,  one  of  the  highest  levels  recorded  during  that  year.  There  were 
a number  of  subflares  reported  during  the  day  starting  at  0700  UT.  including 
a class  - B flare  reported  at  1450  UT,  and  class  IB  flares  repotted  at  1550 
' and  1630  UT  (ESSA  1969).  SID  events  were  also  reported  at  or  near  these 

two  later  times. 

Spectra  obtained  with  the  EDDT  spectrometer  are  shown  in  Figures 
I 2,3.  and  4.  There  were  no  transient  events  reported  near  0602  UT.  so  we 

may  assiune  that  the  flux  observed  is  associated  with  one  or  more  of  the  active 
I regions  on  the  disk.  The  remaining  spectra  were  obtained  during  or  shortly 

I after  flares.  Figure  5 shows  the  counting  rate  in  two  channels  of  the  propor- 

I tional  counter,  and  clearly  demonstrates  the  enhancement  associated  with  the 

I 1630  UT  flare.  Figure  6 shows  the  Fraunhofer  Institute  map  for  this  date. 

* All  of  the  flares  listed  above  occurred  above  or  near  region  994.  This  was 
also  the  most  intense  radio  region  at  9.  1 and  2l  cm.  on  that  dat^  (EJSSA  1969). 

Considerable  information  can  be  obtained  by  studying  the  profiles  of 
the  emission  lines  observed.  For  an  uncollimated  plane  crystal  spectrometer, 
the  line  profile  is  determined  by  the  sampling  rate,  the  natural  width  or  rock- 
ing curve  of  the  crystal,  and  the  distribution  of  discrete  sources  across  the 
solar  disk  in  the  direction  of  scan.  Doppler  widths  are  too  narrow  to  be  ob- 
served with  the  present  spectrometer.  The  crystal  rocking  curve  width  is 

* an  increasing  function  of  wavelength.  We  have  not  measured  the  natural  width 
of  the  EDDT  crystal  used;  however,  we  may  still  set  an  upper  limit  to  the  size 
of  the  region  of  enhanced  emission.  For  the  spectra  obtained  at  0602  UT  and 
1529  UT.  with  the  exception,  of  the  Mg  Xn  Lyman-or  line  (8.42A),  the  line  pro- 

f files  are  approximately  5 arcmin  wide.  The  Mg  Xn  Lyman-aline  is  15  arcmin 

wide.  However,  the  Mg  XU  Lyman  -a  should  have  a profile  similar  to  that  of 
! the  Mg  xn  Lyman- p line.  The  profile  of  the  Lyman- p line  is  5 arcmin  wide, 

strongly  suggesting  that  the  Lyman-or  line  width  is  instrumental. 
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conditions  of  thermal  equilibrium.  The  1529  UT  spectrum  was  obtained  after  a flare  at  1450  UT. 
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Figure  5.  Counting  rate  in  the  proportional  counter  during  the  time  the  spectra 
shown  in  Figures  2-4  were  recorded.  The  pointer  boresight  indicates  the 
periods  during  which  the  experiment  was  sun  pointed.  The  flare  at  1630  UT 
caused  counter  saturation. 
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Figure  6.  Franhofer  Instituce  map  of  the  sun  for  1969  March  20. 
McMath  Plage  Region  994  was  extremely  active  during  this  day 
with  several  class  IB  flares  occurring  above  or  near  this  region 
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The  two  flares  (1550  and  l630  UT)  which  preceded  the  1642  UT  spectra 
were  located  at  N20,  E^O  and  Nl2,  W8,  respectively  on  the  disk  (ESSA  1969), 
approximately  5 arcmin  apart  as  viewed  from  the  earth.  The  line  profiles  in 
the  1642  UT  spectrum  appear  slighfly  broader  than  those  obtained  at  1529  U1 . 
suggesting  that  at  least  two  regions  contributed  significantly  to  the  observed 
flux. 


If  there  are  two  or  more  regions  of  enhanced  emission  which  arc  suf- 
ficiently well  separated  in  a direction  parallel  to  the  direction  of  crystal  scan, 
then  the  observed  line  profiles  will  show  a distinct  line  corresponding  to  each 
of  the  emitting  regions.  Figure  7 shows  a spectrum  obtained  at  1543  UT  on 
March  2l,  which  illustrates  this  situation.  The  interesting  set  of  spectra  ob- 
tained on  March  2l,  also  a day  of  very  high  solar  activity,  will  be  more  fully 
discussed  in  a subsequent  paper. 
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Figure  7.  Spectrum  recorded  at  1543  UT  on  1969  March  21,  Two  separate 
regions  contributed  strongly  to  the  coronal  flux.  The  region  on  the  left  was 
clearly  hotter,  showing  stronger  Si  XIV  and  S XVI  lines,  although  the  Mg  XI 
lines  from  both  regions  are  equally  intense. 


IV.  IDENTinCATION  OF  LINES 


Precise  wavelengths  from  laboratory  observations  are  not  availa)>le 
for  all  of  the  lines  observed  by  the  EDDT  spetrtronicter.  The  Mlrnnuest  cuimb- 
sion  lines  observed  are  due  to  transitions  in  helium-like  and  h>drogen-l)ke 
ions.  As  we  shall  see,  forbidden  lines  are  often  emitted  with  intensities  com- 
parable to  those  of  resonance  lines  because  of  the  low  collisional  de -excitation 
rates  in  the  corona.  To  obtain  the  wavelengths  of  lines  originating  in  hydrogen- 
like Spectra,  we  have  used  the  calculations  of  Garcia  and  Mack  (1965).  For 
lines  of  the  helium-like  iso-electronic  sequence,  the  Atomic  Energy  Level 
Tables  of  Moore  (1949),  and  of  Kelly  (1968)  tabulate  wavelengths  up  to  A 1 XII 
for  allowed  transitions,  and  to[p  Vlljfor  forbidden  transitions.  Vainshtein 
and  Sofonava  (1971)  and  Gabriel  (1972)  have  calculated  wavelengths  for  higher 
members  of  the  helium  isoclectronic  sequence.  For  transitions  not  tabulated 
in  the  above  references,  we  have  extrapolated  published  values  for  lower  mem- 
bers of  the  isoelectronic  sequence.  Details  of  these  extrapolations  are  given 
in  Walker  and  Rugge  (1970); 

Table  1 lists  the  wavelengths  of  lines  observed  in  the  EDDT  spectra, 
gives  the  line  identifications  and  predicted  or  laboratory-determined  wave- 
lengths, and  the  fluxes  of  each  line  in  the  spectra  shown  in  Figure  2,  3,  and 
4.  The  extrapolated  wavelengths  are  in  good  agreement  with  our  measurements. 
The  references  given  in  Table  1 include  recent  observations  of  a number  of 

helium-like  and  hydrogen-like  lines  in  laboratory  plasmas.  A finding  list  for 
! the  lines  observed  is  given  in  Table  2. 

I The  wavelengths  listed  in  Table  1 as  observed  were  determined  by 

. using  the  Mg  XII  Lyman line  at  8.421A  as  a sUndard.  All  other  wavelengths 

I were  assiipied  using  the  position  of  this  line,  and  the  precisely  known  scanning 

rate  of  the  spectrometer.  The  wavelength  of  the  Mg  XII  line  was  confirmed 
to  be  correct  to  within  the  accuracy  of  the  spectrometer  calibration  (.005A) 
using  the  geometry  of  the  spectrometer  and  the  precisely  known  wavelength 
of  the  Fe  XVII  17.  05A  and  O-Vm  18.  96  A lines  observed  with  the  KAP  spec- 
I trometer  {Walker  and  Rugge  (1970)2  These  observed  wavelengths  agree  with 

I our  absolute  laboratory  wavelength  calibration  to  within  the  . 05A  accuracy 


\ • T of  that  calibration. 

( ... 


Table  1 (con't) 


[Mg  XII  6.738  li^s-4p'p  1/2-I/2 
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Table  2 

Finding  List  o{  Lines  Observed. 
Wavelengths  in  angstroms 


Ai  xn 


8.  454  1«  S - 3p  ‘P 

Mg  X 

8.  068  t J«^2p  - l»2p3p 
8.034  t l*^2s  - l62«3p 


Mg  XI 
8.  550 t 
8.  518  t 


1828  - 282p  ^P 

1 2 1 
l82p  P - 2p^  D 

2 1 3 

Is^  S - l83p  -^P 

l8^  *S  - l83p  ^P 

Is^  ‘s  - l84p  *P 

l8^  - l85p  ^P 

l8^  *S  - l86p  ^P 

l8^  - l87p  ^P 

l8^  - USp  *P 

2 I 1 

18^  *S  - l89p  P 


6.649 


2 1 3 

18^  S - 1828 


18^  ‘s 


l82p  ^P 


l8^  - l82p  ^P 

Iib^  - l83p  ^P 

l8^  - l83p  ‘p 


Is  - 2p  ^P 


Si  XII 

6.  788 
6. 739*^ 
6.  719  t 

D.  688*^ 

5.  810  t 


1,2.,  2„ 

1 8 2s  S ■ 

2^ 

'ls'‘2p  ^P 
18^28  ■ 
18^28  ■ 
l8^2p  ^P 
l8^2p  ^P 
18^28  • 


- l8282p  ’p 

- ^*292  Jp 

- l82p‘‘ 

- l8282p  ^P 

- Is282p 

- l82p^ 

- Is2p3p 

- l8283p  ^P 


Mg  xn 


6.  588 

6.  503 
Al  XI 

7.  873*^ 
7 ae7*t 


7.  769 


le  - 2p  ^P 

la  - 3p  ^P 

Is  - 4p  ^P 

Is  - 5p  ^P 

Is  - 6p  ^P 


l8^2p  ^P  - l82p^ 
l8^2p  - l8282p  ^P 

18^28  - l8282p  ^P 

l8^2p  ^P  - l82p^ 
l8^3p  ^P  - l82p3p 
18^38  - l82p38  ^P 


SUOIL 
6.739 
6.  688 
6.  649 
6.257t 
6.  236t 
6.213t 
6.  200t 


Si  JOY 
6.  179 
5.  219 
4.  948 


Is^  *S  - 
1,2  'S- 
1,2  - 
l82p  ^P 
ls2s 
1b2s  ‘s 
ls2p  ^P 

1.2  ‘s- 

1.2  's- 

1.2  ‘s  - 
1,2  ‘s  - 

1,2  *S  - 


1,28 
l82p  ^P 
l82p  ^P 

- 2p2 

- 282p  ^P 

- 282p  *P 

- 2p2  ‘s 
l83p  2p 
ls3p  'p 
l84p  ^P 
l85p  *P 
ls6p  *P 


Is  2$  - 2p  2p 
Is  2s  - 3p  2p 
l8  2s  - 4p  2p 


r 


1 


Table  2 (con't) 


s XIV 


5.  136 

l8 

l8 

5.  125  t 

l8 

5.  105*t 

l8 

5.  088  t 

l8 

5.  066*^ 

1. 

l8 

S XV 

5.  105 

l8 

5.  066 

l8 

5.  036 

l8 

4.  303 

lu 

l8 

S XVI 

4.  734 

l8 

Ar  XVI 

3. 989*^ 

l8 

l8 

3. 969*^ 

l8 

l8 

Ar  XVII 

3.  989 

1.' 

3.  969 

1.‘ 

3.  950 

le' 

Fe  XXIII 

8.393 

l8‘ 

8.  305 

l8‘ 

Fe  XXIV 

l»^2*  - l»282p 

2*3  i_'»«.2  4q 


'‘i 

.2  2, 


2 2, 


2 *5-1.2. 

2 *S  - 1.2p 

2 *S  - 1.2P  ‘P 
2 1, 


2 1, 


1.3p  '’P 
1.3p  *P 


:p  2p  - l,2p  2d 
2.  2$  - l82.2p  2l 


2 2, 


8.  383 
8.  275 
8.  238 


2 1 3 

^ S - IsZs 

2 *S  - l82p  2p 

2 *S  - 1.2p  *P 


2’-2  Ig  . is22,4p  3p 

2''-2  *S  - l82284p  *P 


l822p  2p  - 1.248  2s 

1.22p  2p  . 1.24,  2g 

l822p  2p  - 1.248  2d 


Po..ibIe  Weak  Line. 
5.  271 
5.705 

5.692 

5.  118 
5.009 
4.  322 


Unidentified  Line. 
8.  573 
8.  448 
8.  443 
8.289 
8.  172 
8.  150 
8.  091 
8.  080 
7.  893 
7.  830 
7.  734 
7.  724 
7.  142 
6.805 
6.  772 
6.765 
6.  609 
5.  842 
5.  788 
4.968 

t Autoionizing  Line 


Blended  with  a .tronger  line 
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There  are  a number  of  small  features  in  the  EDDT  spectra  which  do 
not  correspond  to  the  expected  position  of  emission  lines  of  elements  known 
to  be  abundant  in  the  corona.  There  is  the  danger,  in  these  cases,  of  being 
Subjective  in  deciding  which  of  these  features  are  emission  lines  and  which 
I are  fluctuations  in  the  continuum.  We  have  listed  any  "functuation"  more  than 

I three  standard  deviations,  as  a line.  We  have  not  given  fluxes  for  those  "lines" 

I for  which  the  line  flux  in  at  least  one  spectrum  does  not  exceed  at  least  20  counts, 

I however,  all  lines  are  listed  in  Table  2. 

i In  two  previous  papers  ^alker  and  Rugge  (1970,  1971),]  we  have  iden- 

tified a number  of  weak  lines  as  due  to  the  decay  of  autonionizing  levels  in 
helium-like  and  lithium-like  ions;  and  pointed  out  the  strong  evidence  to 
Support  the  thesis  that  the  strongest  satellite  lines  are  due  to  stabilizing  tran- 
; sitions  following  dielectronic  recombination.  Gabriel  and  Paget  (1972)  have 

’ recently  presented  compelling  evidence  for  the  dielectronic  origin  of  these 

; satellites  in  thermal  equilibrium  by  observations  of  the  lines  of  O Vn  and  O VI 

and  of  N VI  and  N V in  a laboratory  plasma.  A complete  discussion  of  these 
, line  identifications  and  the  isoelectronic  sequence  wavelength  extrapolations 

on  which  they  were  originally  based,  is  given  in  Walker  and  Rugge  (1971). 

Gabriel  (1972)  has  reviewed  other  observations  of  autoionizing  lines  in  the 
corona. 

r Figure  8 shows  an  enlargement  of  the  spectrum  near  the  Mg  XI 

i is^  - ls3p  line.  Note  that  the  [Mg  Xl]ls^  - ls3p  ^P  line  is  resolved 

i from  the  - ^P  line.  This  line  of  intefest  because  it  must  complete  with 

• 3 3 

•'  a fully  allowed  transition,  ls2s  S - ls3p  P. 

i 

; We  also  observe  between  - 8.  00  A and  8.40  A,  a number  of  weak  lines 

‘ which  are  generally  in  good  agreement  with  the  calculated  positions  of  tran- 

! sitions  of  the  type  zi-  aI'  in  Fe  XXm  and  Fe  XXIV.  However,  questions 

( remain  concerning  the  identification  of  some  lines  due  to  wavelength  coinci- 

I dences  and  disagreement  on  the  position  of  the  2s  - 4p  P transition  between 

[ the  calculations  of  Chapman  (1969)  and  of  Cowan  [Doschek  et  al.  (1972)]  . The 

[ calculations  of  Cowan,  which  included  spin  orbit  effects,  should  be  more  ac- 

I curate.  In  Table  3,  we  have  compared  the  calculations  of  Chapman  and  Cowan, 

-«  » and  the  observations  of  Doschek  et  al  and  the  present  observations.  One  of 

f Che  lines  observed  in  our  spectra  is  shown  in  Figure  8. 


J 
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Figure  8.  Enlarged  portion  of  the  l642  UT  spectra 
showing  the  Mg  XI  Is^  - ls3p  and  lines. 
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The  most  complete  published  solar  line  list  is  that  of  Doschek  (1972). 
With  the  exception  of  the  iron  lines  listed  in  Table  3,  our  list  as  given  in 
Table  1 is  in  excellent  agreement  with  the  list  of  Doschek. 
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V.  THE  OBSERVED  X-RAY  CONTINUUM 

The  x-ray  continuum,  which  is  weak  compared  to  the  emission  lines 
at  lonf^er  wavelengths,  is  more  important  at  shorter  wavelengths.  ’I  he  con- 
tinuum is  due  to  thermal  bremsstrahlung,  radiative  recombination  and,  a.l 

2 1 

longer  wavelengths,  two  photon  decay  of  metastabic  S and  S states.  The 
intensity  of  the  continuum  observed  during  the  scans  on  which  the  line  inten- 
sities recorded  in  Table  1 were  measured  is  shown  in  Figures  9 and  10.  The 
theoretical  curves  which  are  compared  with  the  0602  U T continuum  in  Figure 
9 will  be  discussed  in  Section  VUI.  Detector  background  (which  amounts  to 
less  than  a few  percent  of  the  observed  continuum  flux)  has  been  subtracted 
from  the  flux  shown  in  Figures  9 and  10.  We  do  not  believe  that  scattered 
radiation  contributed  significantly  to  the  continuum  because  of  the  rejection 
of  events  outside  of  the  wavelength  of  the  spectrometer  by  pulse  height 
analysis  of  the  proportional  counter  detector.  We  believe  that  we  have 
properly  subtracted  the  wings  of  the  emission  lines  from  the  continuum.  How- 
ever, there  are  weak  lines  which  are  unresolvable  from  fluxuations  in  the 
continuum,  and  they  may  make  significant  contributions  to  the  flux  that  is  at- 
tributed to  the  continuum. 


FLUX  I 


VI.  FORMULATION  OF  THE  LINE  FLUX  INTEGRAL  EQUATION 


A number  of  aulhorb  have  analy/.cd  coronal  permitted  XUV  line  in- 
tensities to  determine  coronal  structure  and  abundances.  Noyes  (I‘l71)  and 
Walker  (1972)  have  reviewed  these  analyses,  and  the  data  on  which  they  are 
based. 


Jefferies  et  al  (1972  a)  have  developed  a general  method  for  the  anal- 
ysis of  line  emission  from  an  optically  thin  gas,  and  applied  this  method  to 
coronal  forbidden  line  intensitiesjjefferies  et  al  (1972  b,  c)],  and  Gabriel  and 
Jordan  (1972)  have  reviewed  the  calculation  of  line  intensities  in  low  density 
plasmas.  It  would  appear  to  be  worthwhile  to  briefly  review  the  formulation 
of  the  emission  integral  for  permitted  XUV  coronal  lines,  using  the  formalism 
developed  by  Jefferies  et  al  and  by  Gabriel  and  Jordan,  in  order  to  make  ex- 
plicit the  limitations  of  the  observational  data,  and  the  assumptions  necessary 
in  order  to  draw  significant  conclusions  about  coronal  structure  and  abundances. 

The  intensity  observed  in  an  emission  line  (with  upper  level  i and  lower 
level  j)  in  ionization  stage  z of  element  Z is  given  by 

= 1,  2.  3 

The  integral  is  over  the  coronal  volume  unresolved  by  the  spectroscopic 
observation. 

Ideally,  the  observation  should  limit  the  field  of  view  normal  to  the 
line  of  sight  to  an  (at  least  apparently)  homogeneous  structure,  so  that  the 
variation  of  temperature,  T (x^),  and  density  n^  (x^),and  hence  the  dependence 
cf  the  emission  function,  is  limited  to  the  variable  along  the  line  of  sight, 

^ 3 * 

^Zzij  ^*3^  ^Zzij  "e  (*3^]* 

Unfortunately,  the  XUV  observations  which  have  sufficient  spectral 
purity  to  permit  detailed  analysis  do  not,  in  general,  have  good  spatial  reso- 
lution on  the  disk,  so  we  must  retain  the  functional  dependence  of  T^  and  N^ 
on  Xj  and  x^.  We  have  also  assumed  that  the  spectral  resolution  is  sufficient 
to  resolve  an  individual  component  of  a line  multiple!.  In  practice  it  may  be 
necessary  to  sum  over  several  individual  linef>  . 
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The  emission  function  for  a particular  line  may  be  written 


^Zrij  = ^ ^ ij  ["zi^’^e'"e  ,]C  "(z-1)  in'/’^^e' "e^]  ' 

nl>n 


(3) 


where  is  the  transition  probability  for  transition  ij,  n^^  is  the  population 

of  the  excited  level  i in  the  ion  whose  charge  is  z,  and  in  i'  popu- 

lation of  the  doubly  excited  level  in  the  ion  whose  charge  is  (z-l),  with  the 


same  configuration  as  the  level  i,  but  with  an  additional  electron  in  the  level 
n/  . As  a number  of  authors  have  pointed  out  [see  for  example  Walker,  (1972) 
and  Gabriel  and  Jordan  (1972)], if  n £ is  sufficiently  large  (in  practice  n >4) 
the  transitions  in  £ — ►jn  I cannot  be  resolved  from  the  transition end 
therefore  effectively  increases  the  flux  in  the  line  i — ►j.  For  n^3,  the  tran- 
sition in  £ — ► jn  £ can  be  resolved  as  a satellite  line  from  i— ►jt  end  in  that 
case  the  emission  is  given  by 


^Zzij  = ^ ^^jn'£'  ["(z-l)  in'£'  (T^.ne)] 
where  we  have  no  longer  rriade  the  assumption  “ '^''^ijn  '£'  ' 


(4) 


For  singly  excited  levels  collisional  excitation  from  the  ground  level 
strongly  dominates  the  population  of  the  levels  in  most  cases  of  interest,  and 
for  allowed  transitions  collisional  de-excitation  may  be  neglected  compared 
to  radiative  de-excitation. 


In  those  cases  we  can  express  the  level  populations  as 


n . = 
zi 


n n (T  )» 
e zg^  e' 


ex 


r 

r i 


i<V 


(5) 


wh'sre/'*^^  is  the  total  radiative  width  of  the  state  i|i  ^ = T^A*^.^,jand  **'*^g^ 
(T^_)  is  the  collisional  excitation  rate  from  the  ground  state.^ 


We  may  express  the  ground  state  density,  ’^^g'  terms  of  the 


relative  population  of  the  ionization  stage  of  interest,  a , the  relative  abun- 


dance of  the  element,  A^,  and  the  number  of  hydrogen  atoms  per  electron, 


a^^.  This  latter  quantity  is  approximately  constant  since  the  hydrogen  and 
helium  in  the  corona  are  completely  ionized. 


1 


) 
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4 K 


"zg  = '”zg/"7.><“7/"H»"H^'’e'"e  = ’z^z^h". 

We  shall  also  have  occasion  to  use  the  fractional  population  of  an  excited 
state 


“si  = "e 


The  emission  function  can  be  written  as 

r 

Zzij  . — 


i:zex  . A^..n^  a.j  A_a  (T  ) .(T  ) 

E = he  ij  e H Z *'  e'  _g^i'  e' 


(6) 


r 

^i 


Equation  6 can,  in  fact,  be  used  for  all  of  the  lines  which  we  must 

include  in  our  calculations.  The  ionization  equilibrium,  a , has  been  com- 

z 

puted  for  thermal  plasmas  by  Jordan  (1969,  1970)  and  Landini  and  Fossi 
(1972),  and  is,  to  a good  approximation,  independent  of  density. 

For  the  doubly  excited  satellite  levels,  dielectronic  recombination  is 
the  dominant  production  process  in  thermal  equilibrium. 


di  ijt 


r (Tj  (7) 


di 


E Zzij  = ^ 

^ij  n l>nl  „t  1,1  a . - 

* in  i -f  i in  £ 


where  a . ' « ' is  the  dielectronic  recombination  rate  for  the  formation  of 
gin  I 

I z I 

the  state  in  L in  ionization  stage  (z-1)  from  the  ground  state  of  ionization 
stage  z,  and  . '/'is  the  autoionizing  width  of  the  state.  The  same  equation 
without  the  summation  is  the  emission  function  of  an  individual  satellite  line. 

Walker  (1972)  has  discussed  the  calculation  of  the  rate  constants  in 
equations  5-7. 

The  flux  observed  by  our  spectroheliograph  can  be  expressed  as 


.ex 


Zzij 


(8) 
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2 

where  c spectrometer  efficiency  includes  the  factor  (l/4irR  ), 

where  R is  the  astronomical  unit,  and  the  functions  and  are  defined 
by  equations  5 and  6 and  include!  the  dependence  of  th«!  cxciUition  function 
on  atomic  rate  constants. 

We  have  separated  the  integrals  over  the  area  S(x^,X2)  which  is  un- 
resolved by  the  telescope,  and  along  the  line  of  sight,  x^.  Following  Jefferies 
et  al. , we  introduce  the  distribution  function  for  the  coronal  plasma, 

//£Te(X|^),  n^(X|,)}which  describes  the  density  and  temperature  of  the  plasma. 

‘“'IT.. Xj)  = dn^dT,. 

The  function  |i  represents  the  fraction  (dN)  of  the  total  number  of  elec- 
trons in  a unit  column  (N  ) which  are  in  neighborhoods  where  temperature 
and  density  are  given  by  T and  n , We  may  also  introduce  the  partial  dis- 
tributions  functions  0 (T  1 and  0(T  ) 

6 C 

«(V=^(T..n^)dn.. 

and 

V dT, 

In  principle,  we  would  like  to  determine  the  function//,  which  charac- 
terizes the  gas  completely  (we  have  ignored  the  possibility  of  mass  motion 
of  the  gas  for  this  discussion).  We  can  express  the  flux  observed  by  the  in- 
strument in  terms  of  the  distribution  functidn  /i  since 

'*='3  ' N,  dT.  dn^  , 

as 

where 

J(T^)  = J®*(T^)  + . 
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Equation  9 is  an  integral  equation,  with  the  kernel  A„a  (T^)  J (T  ) 
which  we  can  calculate,  and  the  value  F,  which  we  can  measure.  In  order  to 
develop  a set  of  techniques  to  determine  p(T  ,n  ),  let  us  assume  that  there 
is  a functional  relationship  between  temperature  and  density,  i.  e. , : 

"e  ==  "et^e) 

We  may  then  write  equation  9 as 

^Zzii  ' ‘ Vh^Z  ff  J (T.)  10) 

The  integral  equation  for  ^^zij  equation  10  can,  in 

principle,  be  solved  to  determine  the  temperature  distribution  of  the  emis- 
sion measure;  provided  that  observations  including  a sufficient  number  of 
lines  with  differing  temperature  dependence  arc  available.  In  the  next 
section  we  shall  describe  the  techniques  which  we  will  use  to  solve  this 
integral  equation. 
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VII.  analysis  of  the  observed  line  fluxes 


The  traditional  technique  used  to  solve  the  line  intensity  integral  in 
the  form  of  equation  10  depends  on  the  properties  of  the  ionization  stage  popu- 
lation function,  many  ions  has  a delta  function-like  depen- 

dence on  temperature.  This  technique,  which  was  originally  used  by  Pottasch, 
allows  the  inversion  of  the  integral  equation.  For  the  hydrogen-and  helium- 
like ions  which  are  observed  below  25  A,  this  simplification  is  not  possible. 

We  shall  instead  select  a model  of  the  coronal  structure,  with  variable  para- 
meters, which  will  allow  us  to  compute  the  line  intensity  integral  numerically 
or  analytically,  and  by  varying  the  parameters,  find  a best  fit  to  the  observed 
line  fluxes.  This  technique  has  been  used  in  somewhat  modified  form  by 
Batstone  et  al.  (1970)  and  by  Chambre  (1971).  In  an  earlier  review,  one  of 
the  authors  (Walker,  1972)  has  described  the  technique  we  shall  use,  and  has 
presented  an  analysis  of  observations  obtained  with  the  x-ray  spectrometer 
on  the  OVl-10  satellite. 

Let  us  express  the  emission  measure  per  unit  area  as  a function  of  a 
set  of  parameters  Gj^, 

N.n^(T,)0(T,^)  . M (G^.T^). 

Wc  may  then  calculate  the  flux  in  an  emission  line  from  an  area  S 
on  the  Solar  disk, 

witti 

•'z.ijf^k’  S)  = //dsyi  T,  M(G^,  T J J (T^)  a^(T^)  ( U) 

In  order  to  find  the  set  of  G,  '*  which  provide  the  best  fit  to  the  ob- 

^ * 2. 

servationai  data  we  minimize  the  error  function  (xj 


•S)  - 


1 


where  ^2.zij  ^^Zzij  experimental  fluxes  and  their  estimated 

errors. 

Note  that  the  abundances,  or  some  subset  of  them,  may  be  regarded 
as  parameters. 

Asa  trial  function,  we  have  selected  the  same  functional  form  which 
Chambre  (1971)  found  provided  a good  fit  to  the  observations  which  he  analyzed. 


The  functional  form  for  the  emission  measure  is  given  by 

-T  /T 

M(T)  = C 10  ^ ^[l  + 1.1513(T2  - Tq)/Tj 

- 1.1513B(T  - T^)^/Tj(T2  - TQ)j 

1.0  X 10^  K<T<Tq 

-T  /T 

M(T)  = C 10  ^ ^[l  + 1.1513  (T2  - Tq)/Tj 

-1.1513(T  - Tq)^/Tj(T2  - Tq)] 

T < T<T, 
o ^ 

-T/T, 

M(T)  = C 10  ' 

T>T2 

where  the  parameter  B is  selected  to  make  M(1  x 10^)/S(T^)  = 0.4.  The 
temperature  is  the  most  probable  coronal  temperature,  and  the  condition 
on  B is  selected  to  make  the  function  M(T)  agree  with  the  model  of  Pottasch 
below  the  most  probable  temperature  Tq,  where  the  observations  to  be 
analyzed  here  are  insensitive  to  the  detailed  shape  of  the  model. 

The  procedure  adopted  to  determine  the  parameters  Tq,  T^,  T2f  and 
C was  as  follows.  Relative  abundances  were  assumed  for  Mg,Al,  Si,  and 
S,  based  on  the  recommended  abundances  given  by  Withbroe,  and  setting 
the  absolute  silicon  abundance  arbitrarily  equal  tc  35  x 10~^.  The  values 
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of  Tq  and  were  set  equal  to  the  sets  of  values  = 2x10  ^2.  ~ 

3 X lO^K,  Tq  = 1.  5 X 10^  K,  T2  = 2.  5 X 10^  K,  and  = 2.  5 x 10  K,  T2  = ^ 

3.  5 X 10^  K.  The  value  of  was  then  calculated  for  values  of  Tj  = 2 x 10  K 
through  Tj  » 8 X 10^  in  increments  of  0.  5 x 10^  K.  All  ^cts  of  values  0 

and  T2  gave  acceptable  fits,  however  the  set  Tq  = 2 x 10  K.  T2  3 x 10  K 
gave  the  best  fits  and  only  those  results  will  be  reported  here.  We  have 
analyzed  line  fluxes  from  Mg,  Al,  Si,  and  S ions  observed  for  the  0602  UT 
spectra  tabulated  in  Table  1. 

The  minimum  X was  found  for  T^  = 3.  5 x 10  K and  the  resultant 
coronal  model  is  presented  in  curve  III  of  Figure  11,  The  fit  to  the  obser- 
vations was  further  improved  from  a value  of  ~ 10  to  the  value  of  2.  6 re- 
ported in  Figure  11  by  varying  the  values  of  A^^  "^Si  The  abundances 

of  argon  and  sodium  were  computed  by  comparing  the  observed  and  calculated 
fluxes  of  the  Ar  XVII  resonance  line,  and  of  the  Na  XI  Lyman  p line,  viz 

Aj,  = F^/j^€(X)  (he /A)  K (Gj^.S)J 
The  abundances  found  are  given  in  Table  4 

Table  4 

Relative  Abundances  Derived  from  XUV 
Element  Na  Mg  Al 

Abundance  (x  10^)  1.7  30  2.5 


The  model  atmosphere  structure  found  for  the  corona  may  not  be 

unique.  In  pur  earliest  application  of  this  technique,  wc  showed  that  small 

changes  in  the  parameter  T^  from  3.  5 x 10^  K to  4 or  4.  5 x 10  K,  with  no 

change  in  the  relative  abundances,  resulted  in  minor  changes  in  the  value  of 

This  result  suggests  that  the  values  of  the  relative  abundances  are  better 

determined  than  the  precise  shape  of  the  emission  function.  We  have  found 

a similar  result  for  the  present  set  of  observations.  We  have  investigated 

the  effect  of  variations  in  the  shape  of  the  emission  function  by  imposing  a 

high  temperature  cutoff,  while  maintaining  the  values  of  T^,  T2.  and  A^,. 

♦ -6 
Silicon  abundance  assumed  equal  to  35  x 10 


Line  Intensities 

li*  §.  Al 

35  9 6 
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EMISSION  MEASURE,  cm^/*’K 


Figure  11.  Coronal  models  based  on  the  0604  UT  spectrum.  The 
curves  1,  II  and  HI  fall  off  as  ®xPjQ  ("T/Tj),  where  is  6 x 10^  K, 
5 X 10^  K,  and  3.  5 x 10^  K respectively. 
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Curve*  I and  II  in  Figure  11  demonstrate  the  values  of  T,  which  result  in 

the  beet  fit  to  the  observations.  The  fits  obtained  with  cutoffs  at  7 x 10  K 

and  8 x 10^  K give  T = 5 x 10^  K and  6 x 10^*  K respectively,  but  result  in 

1 2 

considerably  larger  values  ofX  . This  result  suggests  that  some  material 
as  hot  as  ~ 9 .10  x 10^  K ia  necessary  to  explain  the  coronal  spectrum  even 
in  the  absence  of  non-equilibrium  conditions.  Table  5 compares  the  observed 
fluxes,  and  the  fluxes  computed  with  the  models  in  Figure  11,  and  demon- 
strates the  excellent  fit  to  the  observations  provided  by  the  models. 


i 
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VIII.  ANALYSIS  OF  THE  OBSERVED  CONTINUUM 


4 


The  relative  abundances  we  derived  in  the  previous  section  were  ar- 
bitrarily normalized  to  absolute  abundances  by  assuming  that  Ag-  = 35  x 10 


Two  techniques  have  been  used  to  determine  absolute  abundances  based 
on  XUV  observations  (Withbroe,  1971).  One  technique  is  based  on  the  deter- 
mination of  absolute  electron  densities  by  radio  observations  (Pottasch  1963,  1967, 
and  Dupree  and  Goldberg  1967),  and  the  second  is  based  on  coronal  white  - 
light  continuum  measurements  of  the  K - corona  {Withbroe,  1970).  There 
is  a third  technique  which  has  been  proposed  by  Walker  (1972)  and  which  uses 
x-ray  observations  entirely.  Consider  the  x-ray  continuum  at  a wavelength 
There  are  three  radiation  processes  which  contribute  substantially  to  the 
x-:.'ay  continuum,  bremsstrahlung,  radiative  recombination,  and  two  photon 
decay.  Culhane  (1969)  has  discussed  the  calculation  of  the  emission  function 
for  bremsstrahlung  and  radiative  recombination,  and  Walker  (1972)  has  dis- 
cussed the  calculation  of  the  emission  function  for  two  photon  decay.  We  may 
write  the  emission  functions  for  these  processes  in  the  form 


E^-ad 

e’^ 


■ i ■’’’zz'T.W 

Z z 

[ j"''zz  (T.A) 


The  intensity  observed  at  the  earth  in  the  continuum  may  be  expressed 
as 

m)  = « (X)  E».<’'.>  * (13) 

(T.X)  + (T,X)  + (T.X) 

In  Table  6,  we  have  tabulated  the  fractional  part  of  the  continuum  in- 
tensity which  is  due  to  each  element  for  bremsstrahlung  and  radiative  recom- 
bination separately,  and  for  the  entire  continuum.  Note  that  the  importance  of 
Apj(A^al)  becomes  substantial  for  higher  temperatures  where  bremsstrahlung 
dominates  the  continuum.  For  those  wavelengths  where  high  temperature 
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Table  6 

Fractional  Contribution  of  Various  Elements  to  the  X-Ray  Continuvun 
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* Two  photon  decay  accounts  for  -«  of  the  total  continuum  flua 
Two  photon  decay  accounts  for  7%  of  the  total  continuum  flux. 


material  dominates  the  continuum,  the  line  to  continuum  ratio  becomes  sensi- 
tive to  absolute  abundances;  providing,  in  principle,  a technique  to  determine 
absolute  abundances. 


i 1 

One  procedure  by  which  the  comparison  of  line  and  continuum  fluxes 
may  be  accomplished  is  to  compute  the  continuum  using  equation  13,  with  the 
emission  measure  function  found  from  the  analysis  of  the  line  fluxes  and  pre- 
sented by  curve  in  of  Figure  11.  The  theoretical  and  experimental  continuum 
fluxes  are  compared  for  two  sets  of  abundances  in  Figure  9.  The  abundances 
of  hydrogen  (A  = 1),  helium  (Aj^^  = .07)  carbon  (A^  = 400  x 10”^)  and  nitrogen 
(Aj^  = 80  X 10~  were  the  same  for  both  calculations.  The  effect  of  renorma- 
lising the  abundances  of  oxygen,  neon,  magnesium,  aluminum,  silicon,  sulfur, 
argon  and  iron  is  to  shift  the  overall  level  of  the  continuum,  without  substan- 
tially changing  the  spectral  shape.  The  derivation  of  the  oxygen,  neon,  and  iron 
abundances  in  Figure  9 is  discussed  in  the  subsequent  paper  (Walker  et  al.  (1973)]. 

Unfortunately,  the  shapes  of  the  theoretical  and  experimental  curves  are 
not  in  good  agreement,  and  no  definitive  conclusions  can  be  drawn  from  Figure 
i 9 regarding  absolute  abundances.  We  believe  that  there  are  two  principle  causes 

V ✓ 

for  the  disagreement  between  the  experimental  and  theoretical  continuum  curves 
in  Figure  9. 

1)  There  may  be  unresolved  lines  which  have  not  been 
subtracted  from  the  continuum. 

2)  There  may  be  a high  energy  tail  of  material  which  con  - 
tributes  to  the  short  wavelength  continuum,  but  which  does 
not  substantir^lly  alter  the  flux  in  the  cooler  lines  used  in 
constructing  the  emission  measure  model. 

In  order  to  carry  out  the  technique  proposed  here  for  the  calculation 
of  absolute  abundances,  we  must  obtain  observations  of  the  x-ray  continuum 
with  greater  sensitivity,  and  of  the  line  spectrum  over  a broader  wavelength 
(and  therefore  temperature)  range. 
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IX.  SUMMARY 


The  coronal  x-ray  spectrum  provides  two  advantages  in  the  study  of 
coronal  abundances. 


1)  The  lines  are  optically  thin,  and  the  analysis  of  line 
intensities  is  not  dependent  on  a knowledge  of  the  de- 
tailed structure  of  th<-  emitting  regions. 

2)  The  lines  are  emitted  by  simple  ionsj  primarily  hy- 
drogen-like and  helium-like,  and  therefore,  the  theo- 
retical atomic  rate  coefficients  which  must  be  used  in 
the  analysis  should  be  more  accurately  known. 

We  have  used  observations  of  the  resonance  lines  of  Mg  XI,  Mg  Xn, 

Al,  XII,  A1  XIII,  Si  XIII,  Si  XIV,  SXV  and  SXVI  to  construct  a model  of  the  tern- 
% 

perature  distribution  of  the  coronal  emission  measure  and  to  determine  the 
relative  abundances  of  that  group  of  elements.  The  resonance  line  of  Ar  XVII 
was  used  to  calculate  the  abundance  of  argon  relative  to  the  other  elements, 
and  the  Lyman  0 line  of  Na  XI  was  used  to  compute  the  sodium  abundance.  The 
abundances  found  are  compared  with  the  relative  abundances  suggested  by 
Witiibroe  based  on  XUV  and  forbidden  line  observations,  and  photosphcric 
abundances  (as  tabulated  by  Withbroe)  In  Table  7. 


Table  7 

Comparison  of  Relative  Abundances 


Element 

Na 

Mg 

Al 

Si 

This  paper 

1.7 

30 

2.5 

35* 

Abundance  (x  10  ) . 

Withbroe  (1971) 

2.3 

35 

2.3 

35* 

Photosphcric 

1.7 

35 

2.5 

35 

*The  coronal  abundances  are  normalized  to 

^Si 

= 35 

X 10" 

Ar 

6 

4.5 


.167. 


With  the  normalization  of  the  silicon  abundance,  the  sodium,  magnesium, 
and  aluminum  abundances  are  in  good  agreement.  The  coronal  sulfur  abun- 
dances appears  to  be  somewhat  lower  than  the  photospheric  value,  however 
the  difference  is  not  significant,  and  most  probably  does  not  represent 
a physical  difference  between  the  corona  and  the  photosphere. 

Wc  have  analyzed  the  intensity  in  the  x-ray  continuum,  ami  described 
a techni<lue  which  should,  in  principle,  allow  absolute  abundances  to  be  de- 
termined from  x-ray  observations  alone,  by  the  comparison  of  line  and  con- 
tinuum intensities.  In  attempting  to  apply  this  technique  to  the  present  ob- 
servations, we  found  that  the  shape  of  the  continuum  predicted  by  the  model 
based  on  the  line  fluxes  did  not  agree  with  that  of  the  observed  continuum, 
although  the  absolute  fluxes  did  agree  between  ~ 6 and  ~ 8-.  5 A . 

We  have  also  presented  identifications  and  absolute  line  and  continuum 
fluxes  for  the  coronal  spectrum  below  8.  5 A for  several  levels  of  coronal 
activity.  We  believe  that  these  fluxes  are  accurate  to  * 10%,  or  better,  be- 
cause of  the  inclusion  of  an  inflight  calibration  system  for  the  detection 
System. 

The  authors  would  like  to  acknowledge  the  assistance  of  Mrs.  M.  Wray 
and  Dr.  H.  Hilton  in  the  calculation  of  the  coronal  line  emission  functions. 
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Vn.  RELATIVE  CORONAL  ABUNDANCES  DERIVED  FROM 
X-RAY  OBSERVATIONS,  lU;  THE  EFFECT  OF 
CASCADES  ON  THE  RELATIVE  INTENSITY 
OF  Fe  XVn  LINE  FLUXES,  AND  A 
REVISED  IRON  ABUNDANCE* 

A.  B.  C.  Walker,  Jr.,  H.  R.  Rugge,  and  Kay  Weiss 


ABSTRACT 

Observations  of  the  helium-like  resonance  lines  of  N,  O,  Ne,  Na,  Mg, 
Al,  Si,  S,  and  Ar  below  25  A,  made  from  the  U.  S.  Air  Force  satellites 
OVl-10  and  OVl-17,  have  previously  been  used  to  construct  coronal  models 
and  to  determine  the  relative  abundances  of  these  elements.  Lines  of  Fe 
XVII  are  also  prominent  in  the  coronal  spectrum  below  25  A.  The  intensities 

O 

of  the  lines  of  the  2p*3d  transitions  near  15  A have  also  been  used  in  con- 

junction  with  these  coronal  models,  and  the  assizmption  that  the  excited 

states  are  populated  only  by  collisional  excitation  from  the  ground  state 

("coronal  excitation"),  to  determine  the  Fe  abundance.  We  have  observed 

5 5 6 

eight  lines  of  Fe  XVII  which  originated  from  the  2p  3s,  2p  3d  and  2s2p  3d 

0 

configurations  in  the  coronal  spectrum  between  13  and  18  A.  Many  of  the 
upper  levels  are  populated  by  cascade  so  that  the  assumption  of  "coronal 
excitation"  is  not  a valid  one  for  most  of  these  lines.  Recent  theoretical 
work  on  the  spectrum  of  Fe  XVII  has  taken  account  of  the  statistical 
equilibrium  of  the  first  36  excited  states  in  computing  the  intensities  of  the 
observed  lines.  Although  the  theoretical  atomic  rate  constants  for  Fe  XVII 
(especially  the  collisional  excitation  rates)  cannot  be  as  accurately  calcu- 
lated as  those  of  the  simpler  ions,  the  relative  intensities  of  the  2p-3d  Fe 

*This  paper  has  also  been  published  as  TR-0075(9260-02)-l , The  Aerospace 
Corporation,  El  Segundo,  California  (1  October  1974)  and  in  The 
Astrophysical  Journal  194,  471-482  (1974). 
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The  Effect  of  Cascades  on  the  Relative 
Intensity  of  Fe  XVII  Line  Fluxes  and  a 


I 

t ' 

I 

! 

I XVU  lines  observed  in  the  corona  are  now  in  good  agreement  with 

theoretical  predictions.  The  measured  flux  in  the  lines  from  the  2s^2p®3s 

levels,  which  are  populated  in  part  by  cascade  from  the  2p^3i  (i  = 1,  2,  3) 

levels,  have  been  used  to  obtain  the  excitation  rate  coefficients  for  the 
^ 3 

2s2p  3i  Li  levels,  since  the  theoretical  rate  coefficients  for  these  excita- 
tions are  less  accurately  known  than  those  for  the  2p-3f  transitions.  Using 
this  more  complete  theoretical  model,  and  higher  resolution  observations 
which  allow  a number  of  line  blends  to  be  resolved,  we  have  revised  our 
i earlier  calculation  of  the  coronal  abundance  of  Fe.  We  find  an  iron  abun- 

( dance  relative  to  hydrogen  of  26  X 10  which  is  in  excellent  agreement 

with  the  photospheric  iron  abundance. 

i 

r 


I 
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I,  INTRODUCTION 

The  pioneering  work  of  Pottasch  (1967  and  the  references  cited 
therein)  in  analyzing  EUV  and  soft  X-ray  spectra  provided  a detailed 
temperature  structure  for  the  quiet  corona,  and  a technique  to  determine 
relative  coronal  abundances.  Pottasch  was  able  to  include  lines  from  a 
sufficient  number  of  ionization  stages  of  iron  and  of  silicon  (and  conse- 
quently a broad  temperature  range  for  each  element)  to  define  a temperature 
structure  for  each  element.  The  results  of  this  analysis  forced  an  increase 
of  an  order  of  magnitude  in  the  coronal  abundance  ratio  Ap^/ Ag.  compared 
to  the  then  currently  accepted  photospheric  value.  More  recently,  the 
relative  abundance  of  iron  in  the  solar  wind  has  been  measured  directly 
(Same,  et  al.  , 1970;  Holtzer  and  Axford,  1970;  Lange  and  Scheib,  1970). 
These  results  strongly  support  the  revised  iron  abundances. 


The  redetermination  of  Fe  I and  Fe  II  oscillator  strengths  has  led 
to  the  revision  of  the  photospheric  iron  abundance  (Gartz  et  al.  , 1969a)  so 
that  it  is  consistent  with  coronal  determinations  of  the  Fe/Si  ratio  (Jordan 
and  Pottasch,  1968)  and  with  results  from  meteorites  (Gartz  et  al.  , 1969b) 
and  the  solar  wind  (Same  et  al.  , 1970).  Withbroe  (1971)  and  Pagel  (1974) 


have  recently  reviewed  solar  abundance  determinations  by  a number  of 


techniques,  and  in  particular  the  studies  of  the  abundance  of  iron  using 


P 


In  the  present  paper  we  study  the  abundance  of  iron  in  the  hottest 
stable  coronal  configurations,  the  coronal  condensations. 

In  two  previous  papers  (Walker,  Rugge,  and  Weiss,  1974a,  b, 
hereafter  referred  to  as  papers  I and  II)  we  have  used  observations  of 
lines  of  the  helium-and  hydrogen-like  ions  of  nitrogen,  oxygen,  neon, 
sodium,  magnesium,  aluminum,  silicon,  sulphur,  and  argon,  which  are 
prominent  in  the  spectrum  of  the  quiet  corona  between  4 and  25A,  to  con- 
struct a coronal  model,  and  to  determine  the  relative  abundance  of  these 
elements.  The  atomic  rate  constants  required  for  the  analysis  are 
relatively  well  known  for  these  simple  ions  fWalker  (1972),  Gabriel  and 
Jordan  (1972)],  and  the  assumption  of  coronal  excitation  conditions  (i.  e.  , 
excited  states  are  populated  entirely  by  collisional  excitation  from  the 
ground  state)  sh^'uld  not  result  in  a significant  error. 

The  lines  of  the  neon-like  ion  Fe  XVII  are  also  observed  in  the 
spectrum  of  the  quiet  corona,  and  we  have  used  the  fluxes  in  these  lines, 
and  the  model  based  on  the  hydrogenic  and  helium-like  lines  fluxes,  to 
compute  the  relative  coronal  abundance  of  iron  (paper  II).  However,  the 
excited  configurations  of  neon-like  ions  are  complex,  and  a number  of 
parent  levels  of  strong  lines  are  populated  chiefly  by  cascade  from  higher 
levels.  In  the  present  paper  we  reexamine  the  coronal  abundance  of  iron, 
using  an  improved  theoretical  model  of  the  excitation  of  Fe  XVII  lines 
which  includes  the  effects  of  cascades  among  36  levels.  We  also  use 
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higher  resolution  spectral  observations,  which  allow  a number  of  lines 
which  were  blended  with  the  Fe  XVII  lines  in  the  spectra  used  in  paper  II 
to  be  resolved  in  the  present  analysis.  We  also  discuss  the  agreement 
between  the  theoretical  model  of  the  excitation  of  the  Fe  XVII  spectrum, 
and  the  observed  coronal  line  fluxes,  and  derive  values  for  the  excitation 
rate  coefficients  from  the  ground  level  to  the  2s2p^3(s,  p,  d)  levels.  The 
presently  available  theoretical  excitation  rate  coefficients  for  these  trans- 
itions are  less  reliable  than  those  for  the  2p-3(s,p,  d)  transitions. 


In  paper  II  we  used  the  spectra  obtained  with  the  KAP  crystal 
spectrometer  on  the  OVl-10  sat'^-llite  to  determine  the  flux  in  the  Fe  XVII 
lines  used  for  the  abundance  analysis.  We  believe  the  calibration  of  the 
OVl-10  spectra  to  be  highly  reliable;  hpwever,  the  resolution  of  the 
OVl-10  spectra  is  not  sufficient  to  clearly  resolve  a number  of  the 
Fe  XVII  multiplets,  or  to  resolve  the  question  of  the  importance  of  possible 
line  blends  which  might  affect  the  accuracy  of  the  observed  line  fluxes.  In 
Figures  1 and  2 we  show  the  Fe  XVII  lines  observed  in  the  higher  resolu- 
tion spectra  obtained  with  the  KAP  crystal  spectrometer  on  the  OVl-17 
satellite.  The  full  spectra  for  this  time  period  are  shown  in  the  paper  by 
Walker  and  Rugge  (1970).  The  spectra  shown  in  Figures  1 and  2 were 
obtained  at  the  same  time  as  the  EDDT  spectra  between  3.  5 and  8.  5 A which 
were  analyzed  in  detail  in  paper  I.  The  iron  lines  observed  in  the  spectra 
of  Figures  1 and  2,  and  in  the  spectra  analyzed  in  paper  II  are  listed  in 
Table  1.  The  fluxes  given  in  Table  1 have  been  corrected  for  line  blends, 


as  described  below 


The  calibration  of  the  OVl-10  spectrometer  was  discussed  in 
paper  II.  It  was  necessary  to  renormalize  the  calibration  of  the  OVl-17 
KAP  spectrometer,  since  the  inflight  calibration  data  indicated  a decrease 
in  detector  efficiency  by  a factor  of  2 at  a wavelength  of  ^ 2A.  Unfortunately 


it  was  not  possible  to  provide  an  inflight  calibration  system  at  wavelengths 


within  the  range  of  the  KAP  spectrometer  itself.  We  used  the  model 
constructed  with  the  OVl-17  EDDT  crystal  spectrometer  observations  in 
paper  I to  calculate  the  Ne  IX  and  O VIII  resonance  line  fluxes,  and  deter- 
mined a corrected  KAP  spectrometer  calibration  curve  by  comparing  these 
calculated  fluxes  with  the  observed  line  intensities. 


i 

t 


Fig.  1.  Portion  of  the  spectrum  recorded  by  the  KAP  spectrom- 
eter on  OVl-17  for  20  March  1969,  showing  the  FE  XVn 
2s22pO  Is  - ZsZp^Sp  Ip  and  3p  lines. 
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Fig.  2.  Portion  of  the  spectrum  recorded  by  the  KAP  spectrometer 
on  OVl-17  for  20  March  1969,  showing  the  Fe  XVII 

- 2s22p53d  ‘P,  ^D,  and  3p,  and  2s^2pO  ^Sq  - 2822p53s 
iPj,  3pj  and  ^^2 


! 


! 
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Table  1.  Fe  XVII  Lines  Observed  in  the  Coronal  Spectrum 


u 


The  strongest  lines  of  Fe  XVII  are  observed  fronn  the  2s^2p^3d 
2 5 

and  28  2p  3s  configurations,  with  the  two  groups  of  multiplets  being  roughly 

equal  in  intensity.  Pottasch  (1966)  pointed  out  that  the  small  excitation 

2 5 

cross-section  for  the  2s  2p  3s  configuration  was  inconsistent  with  the 

assumption  that  this  state  is  populated  by  direct  excitation  from  the  ground 

2 5 

state;  and  he  suggested  that  cascade  from  2s  2p  3p  was  the  main  mode  of 
2 5 

populating  the  2s  2p  3s  configuration.  Calculations  by  Bely  and  Bely  (1967) 

2 5 

confirmed  the  importance  of  excitation  to  2s  2p  3p;  however,  they  did  not 

consider  the  problem  of  the  relative  intensities  of  all  of  the  observable  lines 

in  detail.  Beigman  and  Urnov  (1969)  used  cross-sections  calculated  in  L-S 

2 5 

coupling  to  calculate  the  relative  intensities  of  the  2s  2p  38  multiplet  group 

2 5 

and  of  the  individual  lines  of  the  2s  2p  3d  multiplet.  Their  results  were  in 

2 5 

general  agreement  with  observation.  They  also  pointed  out  that  the  2s  2p  3p 

level  was  itself  populated  to  a considerable  degree  by  cascade  from  the  2s2p^3p 

levels.  Loulergue  and  Nussbaumer  (1973)  have  recently  calculated  the  relative 

Z 5 S 

intensities  of  each  of  the  lines  observed  in  the  corona  from  the  2 s 2p  3d,  282p  3p 
configurations  including  cascades  among  36  levels.  In  the  present  paper  we  com- 
pare these  calculated  line  intensities  and  intensities  calculated  with  a revised 
set  of  collisional  excitation  rates,  with  observations  of  the  coronal  spectrum 
made  from  the  OVl-10  and  OVl-17  satellites.  The  higher  resolution  OVl-17 

observations,  which  have  not  been  reported  in  detail  previously,  are  of 

1 3 

particular  interest  because  they  allow  the  intensities  of  the  - Pj 
(17.051a)  and  forbidden  - P^  (17.  lOA)  transitions  of  the  2s  2p^3s  con- 
figuration to  be  determined  separately. 
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The  identification  of  the  Fe  XVII  lines  is  discussed  by  Parkinson 

(1973),  who  has  observed  these  lines  in  a high  resolution  spectrum  obtained 

with  a rocket-borne  spectrometer.  The  2p^  ^Sq  -2p^3s  ^^2 

1 3 

which  is  clearly  resolved  from  the  Sq  - Pj  line  in  the  spectrum  of  Figure  2 
and  in  the  spectrum  published  by  Parkinson,  is  of  interest  since  it  illus- 
trates the  importance  of  forbidden  (in  this  case  quadrupole)  transitions 
in  the  low  density  corona.  The  higher  resolution  OVl-17  spectra  allow  us 
to  resolve  a number  of  lines  which  were  blended  with  the  Fe  XVII  2p-3d 
multiplet  in  the  OVl-10  spectra.  In  Table  2,  we  list  the  lines  observed 
near  the  2p-3d  and  2p-3s  multiplets  in  the  spectra  shown  in  figures  1 and  2. 

Parkinson  has  observed  unidentified  lines  at  ~ 15.06  (this  line  is  only 
partially  resolved  from  the  Fe  XVH  resonance  line  at  15.  012A),  15.  10, 

15.  15,  15.21,  15.35,  15.43-15.  53,  15.  56,  and  1 5.  66 A near  the  2p-3d 

P 

multiplet,  and  lines  at  16.83,  17.12,  and  17.  15A,  near  the  2p-3s  multiplet. 

The  wavelengths  of  the  weak  lines  observed  in  our  spectra  and  by  Parkinson 

are  in  reasonably  good  agreement.  Parkinson  suggests  that  these  lines  may 

6 5 

be  satellite  lines  due  to  transitions  of  the  form  2p  nl  - 2p  3d(s)nd 
(n  ^ 3)  in  Fe  XVI.  We  assess  the  potential  importance  of  line  blends  due  to 
these  satellite  lines  in  the  next  section. 

In  Table  2,  we  have  compiled  a list  of  lines  which  could  be  blended 
with  the  Fe  XVII  lines,  using  the  compilation  of  Kelly  and  Palumbo  (1973), 
and  the  recent  work  on  the  fluorine  (Fe  XVIII)  and  oxygen  (Fe  XIX) 
isoelectronic  sequences  by  Swartz  et  al  (1971),  Neupert  et  al  (1973), 
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Predicted 

WavelcnKlh 

lull 

T ransitione 

-i-J 

(A) 

17.  10 

Fe  XVII 

, 2,  6 l_  , 2,  5.  3o 

28  2p  S>2n  2p  38  P 

0-2 

17.  09 

Cr  XVI 

1/Z-3/Z 

I7.(»‘>l 

I'e  XVII 

2,  6 1^  - 2.  5,  3^ 

2s  2p  S'Zs  2p  3k  P 

0-  1 

Hi.  77S 

Fe  XVII 

‘stZ.^Zp'ih  ’p 

0-1 

15.621 

Fe  XVIII 

Zs^Zp^  ^P-Zs^2p‘'(‘d)1s^D 

)/Z-5/Z 

15.  598 

Fe  XIX 

Z.^Zp'*  ‘s-Z.^Zp’s 

0-  1 

15.  567 

Fe  XVIII 

Zs^Zp^  *P-Z.^Zp^3s 

3/Z-3/Z 

15.491 

Fc  xvm 

2s^2p^  ^P-2i^2p^38 

1/Z-l/Z 

15. -452 

Fe  XVll 

Z.^Zp^  *S-Z.*Zp^3d  *P 

0-1 

15.452 

Fe  XIX 

28^2p^  ^S-28^2p^3s 

O-I 

15.413 

Fe  XIX 

Z.^Zp*  *D-Zs*Zp’3.  ^P 

2-  1 

15.  Ui* 

Fe  XIX 

Zt^Zp*  ^P-Z.^Zp’3.  ^P 

0-1 

15.  341* 

Fe  XIX 

Zs^Zp^  ‘d-Zs^Zp’38  'p 

2-1 

15. 306 

Fe  XIX 

z.^zp^  'd-z.^zp’s.  ’p 

2-1 

15.288 

Fe  XIX 

Zs^Zp^  ’p-Z.^Zp’3s  ‘p 

1-  1 

15.261 

Fe  XVII 

Z.^Zp*’  ‘s-Zs^Zp‘’3d  ’d 

0-1 

15.258 

Fc  XVIII 

Z.^Zp"*  ^P-Zs^Zp^(‘s)3.  ^.5 

3/Z.l/Z 

15.237 

Fe  XIX 

2f^2p^  ’p-28^2p^38  ’P 

0-1 

15.  176 

O VIII 

Is  - 4p^P 

1/Z-3/Z 

15. 173 

Fe  XIX 

Zs^Zp'*  ’p-Zs^Zp’3s  ’.S 

1-  1 

15.  158 

Fc  XIX 

- 2,  4 1-  - 2,  3-  1„ 

2s  2 p D-2s2p38  P 

2-1 

15. 132 

Fc  XIX 

, 2-  4 3o  , 2,  3,  3e 

2k  2p  P*2s  2p  3k  S 

0-1 

15.  1 10 

Fc  XIX 

Zs^Zp'*  *P-Zs^Zp’ls  ‘p 

0-1 

15.  081^^ 

Fe  XIX 

Z»^Z|>''  ’p-Zs'^Zp'is  ‘P 

Z-l 

1 5.  0*t9 

Kc  XIX 

Zh"Zp'  'p-Z«^Zp’3«  ’p 

2-2 

15.012 

Fc  X Vll 

Zs^Zp''  ‘.S-Zs^Zp‘'ld  'P 

0-1 

14. "71 

Kc  XIX 

> 2,  4 3^  , 2,  3,  3„ 

2s  2p  P-2h  Zp  38  S 

z-l 

14.  92  7 

Fc  XIX 

■>  2,  4 3^  , 2,  3,  1„ 

28  2p  P-2a2p3s  P 

2-1 

Feldman  et  al  (1973),  Fawcett  et  al  (1974),  and  Doschek  et  al  (1974).  The 

most  serious  potential  blends  are  due  to  Fe  XVIII  and  Fe  XIX  lines.  Lines 

of  less  abundant  elements  such  as  Cr  will  be  too  weak  to  cause  significant 

3 3 

blending.  The  blends  which  may  be  important  are  Fe  XIX  2 - 3 for 

the  line  at  15.  012  A.  Fe  XIX  2 - 3 ^P^  and  Fe  XVIII  2 ^ ^^1/2 

for  the  line  at  15.261  K,  and  Fe  XIX  2 - 3 for  the  line  at  15.45  A. 

Unfortunately,  it  is  difficult  to  calculate  the  flux  in  2p  - 3s  transitions  in 

Fe  XVIII,  and  Fe  XIX  accurately,  since  collision  strengths  are  not  available 

4 3 

for  these  ions,  and  cascades  from  2p  3p  and  2p  3p  levels  are  probably 

3 

important  in  populating  the  2p  3s  levels.  However  we  may  assess  the 
strength  of  a blended  line  if  we  can  observe  the  flux  in  a line  from  the 

same  upper  level,  and  if  we  know  the  relevant  oscillator  strengths. 

2 2 2 
In  the  case  of  Fe  XVIII  3 observe  the  transition  2 Pjy2  " ^ ^1/2 

at  15.49  A.  We  may  obtain  the  oscillator  strengths  by  interpolation  from 

the  results  of  Cohen  et  al.  (1968)  who  calculated  the  gf  values  for  these 

transitions  in  Mn  XVII  and  Co  XIX.  We  find  that  the  flux  in  the  Fe  XVIII 

^ ^^3/2  " ^ ^^1/2  15.258  A is  ~ 25%  of  that  in  the  weak  2 ^®l/2 

line  at  15.491  A.  The  correction  to  Fe  XVII  2 S - 3 D is  less  than  2%. 

For  the  Fe  XIX  lines  at  14.971  A (2  ^^2  " ^ ^®1^  15.  453  A (2  Sq  -3  P^)f 

03  3 

we  may  use  the  comparable  transitions  at  15.173  A (2  Pj  - 2 Sj^)  and  at 
15.341  A (2  - 3 ^P,)  respectively.  We  observe  no  significant  line  at 

Ct  A 

K 

15.  173  A,  and  so  assume  that  the  line  at  14.  971A  is  weak.  We  do  observe 
a line  at  I5.33A.  However,  if  we  assume  that  the  transition  probabilities 
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1 


11  I-  • 

are  proportional  to  the  statistical  weights,  the  2 S - 3 P line  at  15.452A 

3 3 

is  too  weak  to  cause  significant  blending.  For  the  2 Pq  - 3 P^  transition 
at  15.  237A,  there  is  no  comparable  transition  which  can  be  resolved  in  our 
spectra;  however,  the  weakness  of  other  Fe  XIX  lines  suggests  that  this 
blend  is  unimportant  as  well. 


In  paper  II,  we  assumed,  for  the  4 January  1967  spectra,  that  all 
of  the  flux  observed  between  15.  0 and  15.  5 A,  with  the  exception  of  an  ap- 
propriate correction  for  the  X-ray  continuum,  was  due  to  the  3 Fe  XVII 
2s-3d  transitions.  Using  the  higher  resolution  OVl-17  observations,  we 
may  now  correct  the  OVl-10  observations  for  4 January  1967  for  the  weak 
lines  which  are  listed  in  Table  2.  The  corrected  fluxes  are  given  in  Table  1. 
The  correction  is  26%  for  15.012  A,  12%  for  15.261  A,  and  50%  for  15.452 
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III.  FORMULATION  OF  THE  LINE  FLUX  INTEGRAL  EQUATION 


The  intensity  of  the  lines  emitted  from  an  optically  thin  medium 

such  as  the  corona  is  given  by  the  volume  integral  of  an  emission  function 

E..  r T (x  ).  n (x  iT  which  is  a function  of  the  local  temperature  and 
ij  e'  V e'  V 

density  of  the  medium.  The  emission  function  E_  may  be  expressed  as 


(Paper  I) 


1)  E..  = ^ A^..  n . [T  (x  ),  n (x  )]  + 

' ij  X ij  I z,i  e'  v"  e'  v' 

% 

1 -I  C T (x  ) , n (x  ) ] 

z-1 , i'  e V e V 

n'l'  > n 1 


where  n . is  the  population  of  the  excited  level  i in  ionization  stage  z, 

Zf  X 

and  n , is  the  population  of  the  doubly  excited  state  with  the  same 
configuration  as  i,  but  with  an  additional  electron,  with  the  quantum 
numbers  n'l';  and  the  summation  is  carried  out  over  those  states  for  which 
n'l'  is  sufficiently  large  that  the  wavelenjth  of  the  emitted  photon  in'l'  ■*  jn'I' 
is  unresolvable  from  that  for  transition  i"*j.  The  singly  excited  levels  are 
populated  chiefly  by  collisional  excitation,  and  the  doubly  excited  levels  are 
populated  chiefly  by  dielectronic  recombination.  For  those  cases  where 
n'l'  is  small,  the  resulting  satellite  lines  may  be  resolved  from  the  parent 
line  and  their  flux  must  be  calculated  separately.  The  line  flux  resulting 
from  the  decay  of  doubly  excited  levels  is  generally  only  a few  percent  of 
the  observed  resonance  line  flux,  and  has  not  been  included  in  most 
previous  analyses. 
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The  population  of  the  excited  states  ^ can  be  calculated  from 
the  equations  of  statistical  equilibrium  (see,  for  example,  Gabriel  and 
Jordon  1972). 


In  the  case  of  Fe  XVII,  we  must  include  the  effects  of  cascades, 
by  solving  the  equations 
2)  dn 

' - ex  , 


1 - 

-dt-  - " " 


e z,g 


+ Z-  ■>.  1,  A'ki  • "*,  I ^ 


k“ 


k<i 


©X 

where  n is  the  population  of  the  ground  level,  or  . is  the  excitation 
z I g 

rate  from  the  ground  level  into  the  excited  level  i,  and  A is  the  radi- 
ative decay  rate  from  state  i to  state  k.  If  we  order  the  states  according 
to  energy,  i=l  referring  to  the  lowest  lying  excited  state,  and  i=N  to  the 
highest  excited  state,  the  emission  function  which  results  from  collisional 
processes  can  be  written  in  terms  of  the  equilibrium  solution  to  equation 
2)  as 


3) 


he 

X 


A . . n n 
ij  e *.  g 


N 


L". 


gk  I m**mp 


mpJ 


rN 


n r 

k=i  k 


w-he  re  m = i+1 N;  p = i,  . . . k- 1 , . . . , N(i.  e.  , p k)  and  A*"  ^0 

mp 

for  p > m.  We  have  defined  the  total  radiative  width  of  the  state  k, 

symbol  refers  to  the  Kronecker  delta 

[6  = 1,  m=p,  = 0 m»«p]  . 

mp  mp 


Loulergue  and  Nussbaumer  (1973)  have  calculated  the  emission 
functions  for  the  lines  listed  in  Table  1,  taking  into  account  cascades  from 
the  first  36  excited  levels.  A level  diagram  showing  the  principal  radiative 
decay  paths  for  these  levels  is  shown  in  Figure  3.  The  levels  which  decay 
to  the  ground  state  are  shown  in  bold  type  in  Figure  3. 


From  equation  3 it  is  obvious  that  the  population  of  each  excited 

state,  and  consequently  the  intensity  of  all  transitions,  is  proportional  to 

the  electron  density,  n , to  the  ground  state  population  of  the  ion,  n , 

e * » 8 

and  to  the  weighted  sum  of  a set  of  collisional  excitation  rates  from  the 

cx 

ground  state,  a . Therefore,  as  Loulergue  and  Nussbaumer  point  out, 
the  relative  intensity  of  the  observed  Fe  XVII  lines  will  not  be  sensitive  to 
electron  density,  and  will  be  only  slightly  dependent  on  electron  tempera- 
ture  [owing  to  the  slightly  differing  temperature  dependence  of  the  a 
whose  major  temperature  dependence  will  go  as  exp  (-hc/X^j^kT)  ]. 


The  intensities  calculated  by  Loulergue  and  Nussbaumer  are 
compared  with  the  relative  fluxes  observed  on  OVl-10  and  OVl-17,  and  by 
Parkinson  (1973)  in  Table  3. 
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Fig.  3.  Level  diagram  for  Fe  XVII,  showing  the  principal 
decay  paths  for  the  first  36  excited  levels.  (Those 
levels  with  transitions  to  the  ground  level  are 
shown  in  bold  type.  ) 


Table  3.  Comparison  of  Experimental  and  Theoretical  Line  Intensities 
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In  the  next  section,  we  discuss  the  problem  of  selecting  the  best 


set  of  atomic  rate  constants  for  the  solution  of  equation  3,  and  present  a 


calculation  of  the  relative  intensities  of  the  Fe  XVII  lines  based  on  some- 
what different  assumptions  regarding  the  2s^2p^-2s  2p^3s,  3p,  and  3d 
excitation  rate  coefficients  than  those  made  by  Louie rgue  and  Nussbaumer. 


In  equation  1,  we  included  the  flux  resulting  from  decay  of  the 
doubly  excited  states  in  the  sodium— like  ion  Fe  XVI*  The  statistical  equili- 
brium equation  for  these  states  must  include  dielectronic  recombination  and 
coUisional  excitation  as  mechanisms  for  the  population  of  excited  states, 

dn 


k'>i' 


4) 


- A',,,  , 

k'<i'  •’ 


is  the  total  rate  for  the  capture  of  an  electron  into  the  doubly 
gi' 

excited  state  i' , is  the  rate  for  the  inverse  process  in  which  a 

doubly  excited  state  autoionizes  emitting  an  electron  of  energy  e,  and  the 
other  symbols  have  the  same  meaning  as  before.  For  lithium-like  and 
helium-like  ions  coUisional  excitation  of  doubly  excited  states  and  cascades 
from  other  doubly  excited  states  are  negligible,  and  we  may  write  the 
population  of  doubly  excited  states  quite  simply  (Gabriel,  1972).  However, 
in  the  case  of  sodium-like  ions  cascades  from  doubly  excited  states  such 
as  2s2p  3s3p  to  2s  2p  3s3p  may  well  be  important;  and  the  Fe  XVI  ion 
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has  an  appreciable  population  at  sufficiently  high  temperatures  that  inner 

2 6 2 5 

shell  excitations  such  as  2s  2p  3s  -»  2s  2p  3snl  will  be  quite  important 
[Goldberg  et  al.  (1965),  Bely  (1967)]  . 


However,  if  we  use  spectra  of  sufficiently  high  resolution  so  that 
transitions  resulting  from  levels  with  n = 3 can  be  resolved,  inner  shell 
excitations  can  then  contribute  only  to  the  flux  in  the  Fe  XVII  2p  - 3s  lines 
[Resolvable  satellite  lines  to  these  lines  have  been  reported  previously  by 


Rugge  and  Walker  (1968)  and  by  Parkinson  (1973)]  . Unresolvable  satellites 


to  the  2p  - 3d  resonance  line  (^S  - ^P)  will  be  due  entirely  to  dielectronic 


ex 


recombination,  and  the  term  containing  cr  -jin  equation  4 may  be  neglected 

2 5 2 5 

for  this  transition.  Cascades  of  the  type  2s  2p  n'(p,  f)  n-t  -»  2s  2p  3d  n-t. 


6 2 5 

and  2s2p  3d  n-t  -»  2s  p 3d  nt  can  contribute  to  the  emission  of  unresolvable 


satellites  to  the  2p-3d  lines.  However,  since  dielectronic  recombination 
rates  are  proportional  to  oscillator  strengths,  rates  for  the  2s-2p  transi- 
tion (where  An  = 0)  will  be  small,  while  the  small  intensity  of  the  singly 
excited  2p  - 4d  transitions  [~  10%  of  the  2p  - 3d  resonance  line  (from 
Table  4)]  suggests  that  these  higher  excitations  will  not  be  significant. 

The  population  of  doubly  excited  levels  due  to  cascades  should,  therefore, 
be  small.  The  population  of  the  doubly  excited  levels,  (z-1,  i')  may  then 
be  expressed  as 


“z  -l,i'  ^ "c"Z’g 


i'g 
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>*^here  (Shore,  1969) 


^'gi'  ° "Z  1^,1  '*P< -*’''‘gi'‘'’'e>  • 

The  g's  are  statistical  weights.  Burgess  (1965)  and  Shore  (1969)  have 
discussed  the  sunn  of  the  dielectronic  recombination  rates,  for  the 

states  i'  (i.e.,  in'f')over  laige  values  of  n' f ' . This  sum  is  the  quantity 
required  in  the  evaluation  of  equation  1.  Tucker  and  Koren  (1971)  have 
developed  a simple  expression  which  approximates  Shore's  results. 

Tucker  and  Koren  find  that  the  ratio  of  flux  due  to  dielectronic  recombina- 
tions, and  that  due  to  collisional  excitation  may  be  written 

e‘^Ve®*«=  40(Z+1)^  /T^  . 

For  the  Fe  XVII  2p-3d  resonance  line  this  results  in  a 4% 

enhancement  at  - 5 x 10^  . We  shall  assume  that  dielectronic  contri- 

13  13 

butions  to  the  non-resonance  transitions  ( S-  P)  and  ( S-  D)  are  negligible. 
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Using  the  formalism  developed  in  paper  I,  we  may  write  the 
flux  in  the  Fe  XVII  Zp-3d  multiplet,  which  was  used  in  paper  II  to  derive 


the  iron  abundance,  as 

^2p-3d  " ^Fej[y* dSN^y*dT^n^(T^)0(T^)  x 

5) 

*Fe  XVn^^e)  + J%<Te)] 


where  we  may  write  the  excitation  functions  J**. . as 


The  sum  over  ij  extends  over  the  and  - Pj 

transitions  for  J**,  and  over  ^Sq  - only  for  J . The  quantity 

N n (T  ) 0 (T  ) is  the  emission  measure  of  the  corona  as  a function  of 

temperature,  XVII^^e^  fractional  population  of  iron  ions  in 

the  Fe  XVII  state,  Ap^  the  abundance  of  iron,  aj^  the  number  of  electrons 

per  hydrogen  ion,  and  e(X...)  the  spectrometer  efficiency  function  fp 

2 

also  includes  the  geometrical  factor  l/4ir(A.  U. ) 1.  The  integral  over  the 
area  unresolved  by  the  spectrometer,  S,  is  extended  over  the  entire  disk 
for  the  OVl-10  and  OVl-17  observations. 
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IV.  DETERMINATION  OF  ATOMIC  RATE  CONSTANTS 


Loulergue  (1971)  has  calculated  the  energies  for  all  levels  in 

Table  2,  and  the  radiative  decay  rates  for  all  electric  dipole  transitionr. 

Garstang  (1966,  1969)  has  calculated  the  decay  rates  for  those  levels  vhich 

have  magnetic  dipole  or  quadrupole  decays  of  importance.  Bely  and  Bely 

2 5 

(1967)  have  calculated  collision  strengths  for  excitations  to  the  2s  2p  3s, 

2 5 2 5 

2s  2p  3p,  and  2s  2p  3d  configurations  in  intermediate  coupling,  for 
those  levels  which  have  strong  excitation  cross-sections.  For  the  excita- 
tions to  the  2s2p^3s,  2s2p^3p,  and  2s2p^3d  singlet  levels,  Bely  and 
Bely  have  extrapolated  lithium-like  cross-sections,  viz. 

Q(2s^2p^  -»  282p^nl)  = Q(2s^  -»  2snl) 

and 

Q(2s^— ► 2snl)  = 2Q(2s  — ►nl)  . 

However,  Bely  and  Bely  do  not  calculate  or  estimate  cross-sections  for 
excitations  to  the  2s2p^38,  282p^3p,  or  2s2p^3d  triplet  levels. 

Beigman  and  Vainshtein  (1968)  do  calculate  cross-sections  for  both  the 
2s2p^3-f.  singlet  and  triplet  levels;  however,  they  do  not  include  configura- 
tion interaction  in  their  calculations.  According  to  Bely  and  Bely, 
configuration  interaction  will  be  important  for  these  levels. 

Flower  (1971)  has  calculated  excitation  cross-sections  in  L-S 
coupling  for  a number  of  levels  for  which  Bely  and  Bely  do  not  present 
results,  loulergue  and  Nussbaumer  have  used  the  cross-sections  of  Bely 


and  Bely  where  available,  and  the  results  of  Flower  for  other  levels. 

For  the  excitations  to  the  ZsZp^Ss,  ZsZp^Bp,  and  ZsZp^Sd  triplet  levels* 
Louleryue  and  Nussbaumer  assumed  that  the  triplet  cross-sections  are  equal 
to  the  singlet  cross-sections  multiplied  by  the  ratio  of  statistical  weights. 

We  have  chosen  to  use  the  cross-sections  for  beryllium- like  ions 
to  obtain  cross-sections  for  the  ZsZp^3s,  andZsZp^3d  singlet  excitations* 
using  the  relation 

Q(Zs^Zp^  ^S-*  ZsZp^  3l  ^L)  = Q(Zs^  -»  Z83f,  ^L) 

We  have  used  the  observed  relative  fluxes  of  the  Zs^Zp^  - ZsZp^3p 
3 

and  P transitions  to  derive  the  collisional  excitation  rates  into  their 
respective  upper  levels.  We  believe  this  approach  is  justified  because  the 
upper  levels  of  these  lines  are  not  appreciably  populated  by  cascade,  and 
should  satisfy  the  coronal  excitation  condition,  with  the  result  that  the  line 
fluxes  are  directly  proportional  to  the  respective  excitation  coefficients 

and  the  branching  ratios.  Finally,  we  have  used  the  relative  fluxes  in  the 

Z 5 1 3 . . . 

Zs  Zp  3s  P and  P transitions  to  derive  the  collisional  excitation  rates 

into  the  ZsZp^3s  and  ZsZp^3d  levels.  Since  the  Zs^Zp^3s  levels 

are  populated  by  cascade  from  a large  number  of  levels,  the  values  of  the 
3 3 

S and  D cross-sections  derived  depends  on  the  accuracy  of  the  theoretical 
cross  sections  for  these  other  levels,  as  well  as  on  the  accuracy  of  the 
experimental  line  intensity  ratios. 


I 


j 


I 

j 


i 

1 

j 
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Gabriel  and  Jordan  (1972)  have  reviewed  (he  published  cross- 
section  data  for  berylliunn-like  ions.  Theoretical  calculations  for  the 


w 

cross-sections  of  interest  have  been  carried  out  by  Eissner  (1972),  and 
experimental  measurements  have  been  made  by  Johnson  and  Kunze  (1971)  j 

and  Tondello  and  McWhirter  (1971).  We  have  used  the  Ne  VII  excitation 

rates  calculated  by  Eissner  and  extrapolated  to  higher  Z using  the  Z dependence  | 

[ 

of  the  lithium-like  Zs-Sf,  excitations  calculated  by  Bely  (1966),  to  obtain 
values  of  n for  Fe  XVII.  The  collision  strengths  which  we  have  adopted  are 
presented  in  Table  4.  The  calculated  Fe  XVII  line  intensities  which  we 

derive,  using  the  collision  strength  given  in  Table  4 and  the  same  set  i 

< 

of  radiative  transition  rates  as  Loulergue  and  Nussbaumer,  are  compared 
with  the  experimental  results  in  Table  3.  The  ratios  tabulated  are  calcu- 
lated  for  4.  0 x 10^  °K.  We  have  chosen  this  temperature  since  it  is  the 
temperature  of  most  efficient  excitation  for  Fe  XVII  lines  for  the  coronal 
temperature  structure  derived  for  20  March  1969  in  paper  II.  Both  sets 
of  theoretical  calculations  are  in  reasonably  good  agreement  with  the 
observations,  and  it  is  difficult  to  argue  that  the  experimental  data  favors 
either  set  of  calculated  fluxes.  In  Table  5,  we  have  tabulated  the  quantity 
J®^..(T  )/  To**  .(hc/\.  .)(a’^  ../r  .)!,  which  is  the  ratio  of  line  fluxes 
which  would  be  calculated  including  cascades,  to  those  which  would  be 
calculated  without  including  cascades.  The  results  in  Table  3 include 
the  effects  of  dielectronic  recombination,  while  those  in  Table  5 do  not. 


i * 
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Table  4.  Threshold  Collision  Strengths  for  Fe  XVII 


Configuration 

Level 

Collision  Strength 
(xlO^) 

Ref. 

ZsZp^Bd 

'°Z 

65.2  (73)* 

Bely  Sc  Bely 

--  (100)** 

-- 

• • 

282p^3p 

22.4  (10.1)** 

Bely  & Bely 

-- 

-- 

— (6.  5)** 

ZaZp^iB 

‘So 

32.4  (30.  1)* 

Bely  Sc  Bely 

'Sl 

1 

I 

2«^2p*3d 

147 

Bely  & Bely 

^2 

2.9 

Flower 

"^3 

-- 

'^2 

19.8 

Flower 

'^1 

47.3 

Bely  8c  Bely 

'^3 

* Collision  strengths  extrapolated  from  the  Beryllium-like  collision  strengths 

calculated  by  Eissner. 

**  Collision  strengths  derived  from  observed  coronal  line  ratios  in  this  paper. 


Configuration 

level 

Collision  Strength 
(xlO^) 

Ref. 

2s^2p^3d 

'°2 

-- 

'^2 

17 

Flower 

i 

-- 

4.  1 

Flower 

1.2 

Bely  b Bely 

3.8 

Flower 

2s^2p^3p 

■=o 

64 

Bely  b Bely 

'^2 

0.6 

Bely  b Bely 

4.  7 

Flower 

1.6 

Flower 

3.4 

Bely  b Bely 

1 

'^2 

0,  5 

Bely  b Bely 

11.6 

Flower 

"^3 

-- 

0.  4 

Bely  b Bely 

3- 

4.7 

Flower 

- 2-  5- 
2s  2p  38 

1.45 

Bely  b Bely 

'^0 

-- 

1.67 

Bely  b Bely 

-- 

V.  CALCULATION  OF  THE  REVISED  IRON  ABUNDANCE 


In  paper  II,  we  calculated  the  abundance  of  iron  using  equation  3, 
and  the  coronal  emission  measure  model  developed  from  an  analysis  of 
O VII,  O VIII,  Ne  IX,  Ne  X,  and  Mg  IX  line  fluxes.  In  the  present  paper 
we  follow  the  same  procedure,  using  the  OVI-10  Fe  XVII  2p-3d  multiple t 
line  fluxes,  and  the  improved  Fe  XVII  line  excitation  functions  derived  from 
section  4.  We  have  also  corrected  the  observed  OVl-10  fluxes  for  the 
blending  caused  by  the  unidentified  satellite  lines  observed  in  the  higher 
resolution  OVl-17  spectra,  and  listed  in  Table  2.  As  discussed  in  Section  2, 
this  correction  was  accomplished  by  multiplying  the  OVl-10  fluxes  by  the 
ratio  of  the  flux  observed  in  the  2p-3d  multiplet  to  the  total  line  flux 
observed  between  15  and  15.  5Afor  the  OVl-17  spectra.  We  believe  this 
procedure  is  justified  since  the  analysis  carried  out  in  papers  I and  II  found 
that  the  coronal  temperature  structure  derived  from  the  two  sets  of  obser- 
vations were  the  same,  so  that  the  relative  Fe  XVII  line  intensities  and 
Fe  XVI  satellite  line  intensities  should  be  the  same  for  both  spectra.  The 
coirected  OVl-10  2p-3d  multiplet  fluxes  are  given  in  Table  1.  Using  the 
corrected  flux,  and  using  the  improved  Fe  XVII  line  excitation  functions, 
we  find  the  revised  iron  abundance  to  be  Ap^  = 26  x 10  ^ . This  abundance 
assumes  a silicon  abundance  normalized  to  Ag^^  = 35x10  ^ , as  discussed 
in  papers  I and  II.  This  revised  iron  abundance  agrees  more  closely  with 
the  value  of  25  x lO”^  , found  in  recent  photospheric  analyses  [Withbrcw 
(1971),  Smith  and  Whaling  (1973)],  than  the  value  of  40  x 10  ^ which  was 
found  in  paper  II. 
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We  have  calculated  the  relative  intensity  of  eight  Fe  XVII  lines 

observed  in  the  coronal  spectrum  between  13  and  18A,  and  find  that  these 

theoretical  intensity  ratios  are  in  reasonably  good  agreement  with 

observations.  Using  the  improved  line  emission  functions  calculated  from 

6 1 5 1 3 3 

this  analysis,  we  have  used  the  Fe  XVII  2p  S-2p  3d  P,  D,  and  P line 
fluxes,  and  a coronal  model  derived  from  the  analysis  of  O VII,  O VIU, 

Ne  IX,  Ne  X,  and  Mg  XI  line  fluxes  to  compute  the  abundance  of  iron  in  the 
corona.  We  find  A„  = 26  x iO"^,  which  is  in  good  agreement  with  the 
photos pheric  iron  abundance  [Smith  and  Whaling  (1973)],  and  with  the 
coronal  iron  abundance  determined  from  the  analysis  of  XUV  fluxes 
(Dupree,  1971).  The  coronal  abundances  found  in  papers  I and  II,  and  in 
the  present  paper  are  summarized  in  Table  6,  and  compared  with  transition 
region  and  photospheric  abundances. 


4 


We  have  also  compared  the  results  of  papers  I and  II,  and  the 
present  paper  with  the  recent  compilation  by  Cameron  (1974)  ut  solar 
system  abundances  in  Table  6.  In  general,  the  agreement  is  good;  however, 
there  is  a significant  difference  for  the  neon  abundance.  Cameron's  neon 
abundance  is  obtained  from  cosmic  ray  observations.  Since  the  neon  lines 
used  in  our  analysis  were  quite  strong,  and  were  excited  near  the  mid-range 
of  temperatures  in  our  model  (paper  II)  we  believe  our  neon  results  to  be 

r 
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quite  reliable,  and  the  difference  may,  therefore,  be  significant.  In  the 
case  of  the  sulfur  and  argon  abundances,  the  lines  analyzed  were  near  the 
high  temperature  end  of  our  model  (paper  I),  and  are  thought  to  be  somewhat 
less  reliable  than  the  other  abundances.  Consequently,  we  do  not  regard 
the  difference  between  our  results  and  Cameron's  computation  to  be 
significant  for  these  elements. 
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Element 

Abundance  (xlO  ) 
Transition  Region 
Withbroe  Dupree 

Photos  pheric 
Withbroe 

Solar  System 
Cameron 

N 

90 

89 

150 

115 

117 

O 

700 

450 

595 

676 

676 

Ne 

54 

28 

27 

- 

108 

Na 

1.  7 

2.3 

1.9 

1.7 

1.9 

Mg 

30 

35 

30 

35 

33 

A1 

2.  5 

2.3 

3.  5 

2.5 

2.7 

Si 

35* 

35* 

35* 

35 

31.6 

S 

9 

11 

20 

16 

16 

Ar 

6 

4.  5 

- 

- 

3.7 

Fe 

26 

35 

20 

25"^ 

26 

t In  a recent  analysis.  Smith  and  Whaling  (1973)  find  a value  of  25x10^  for  the 
iron  abundance,  in  agreement  with  the  earlier  result  of  Withroe. 

* The  coronal  abundance  values  have  been  normalized  relative  to  the  silicon  abundance, 
which  was  assumed  to  be  35  x lO"^. 


ACKNOWLEDGMENTS 

We  should  like  to  thank  Drs.  Louie rgue  and  Nussbaumer  for 
allowing  us  to  see  their  results  in  advance  of  publication,  and  for  several 
useful  comments  and  suggestions  during  the  course  of  our  investigation. 

We  would  like  to  thank  Dr.  Louie  rgue  for  sending  the  results  of  some  of  her 
unpublished  calculations,  and  Dr.  Parkinson  for  communicating  his  results 
to  us  in  advance  of  publication.  We  are  grateful  to  Dr.  Eissner  for  sending 
us  the  results  of  his  theoretical  calculations  of  beryllium -like  excitation 
We  would  also  like  to  thank  Dr.  H.  H.  Hilton  and  Mrs.  M.  Wray 
for  their  help  in  the  theoretical  calculations,  and  Dr.  D.  Cartwright  for 
a helpful  discussion  on  the  problems  associated  with  extrapolating  the 
beryllium -like  cross-sections.  We  are  grateful  to  Mrs.  A.  Keys  and 
Mrs.  J.  Chafe  for  typing  the  manuscript. 


REFERENCES 

Bame,  S.  J. , Asbridge,  J.  R. , Hundhausen,  A.  J.,  and  Montgomery, 

M.  P. , 1970,  J.  Geophys.  Res.  75,  6360. 

Bely,  O. , 1966  Ann.  d*  Astrophys.  29,  683;  1967  ibid  30,  953. 

Bely,  O.  , and  Bely,  F,  , 1967,  Solar  Phys.  285. 

Cameron,  A.  G.  W.  1974,  Space  Sci.  Rev.  1 5,  121. 

Chapman,  R.  D.  and  Shadmi,  Y. , 1973,  J.  Opt.  Soc.  Am.  63,  1440 

Cohen,  L.  Feldman,  U.  and  Kastner,  S.  O. , 1968,  J.  Opt.  Soc.  Am.  58, 
331. 

Doschek,  G.  A.,  Feldman,  U. , and  Cohen,  L.  1973,  J.  Opt.  Soc.  Am. 
1463 

Dupree,  A.  K.  , 1972,  Astrophys.  J.  178.  527. 

Eissner,  W. , 1972,  Unpublished  results  quoted  by  Gabriel  and  Jordan 
(1972),  and  private  communication. 

Fawcett,  B.  C. , Cowan,  R.  D.  and  Hayes,  R.  W.  1974,  Ap.  J.  187,  377. 

Feldman,  U. , Doschek,  G.  A.  Cowan,  R.  D. , and  Choen,  L.  1973, 

J.  Opt.  Soc.  Am.  63,  1445. 

Flower,  D.  R, , 1971,  J.  Phys.  B 4,  697. 

Gabriel,  A.  H. , 1972,  M.  N.  R.A.S.  160,  99. 


I 


.213- 


Gabriel,  A.  H. , and  Jordan,  Carole,  1972,  Case  Studies  in  Atomic 

Collision  Physics  U Ed:  E.  W.  McDaniel  and  M.  R.  C.  McDowell 
(North  Holland  Pub.  Co.,  Amsterdam)  p.  211. 

Garstang,  R.  H. , 1966,  Publ.  Astron.  Soc.  Pacific  78,*  399. 

Garstang,  R.  H. , 1969,  Publ.  Astron.  Soc.  Pacific  81,  488. 

Gartz,  T. , Holweger,  H. , Kock,  M. , Richter,  J.,  Boschek,  B. , 
Holweger,  H. , and  Unsold,  A. , 1969a,  Nature,  222,  1254. 

Gartz,  T. , Holweger,  H. , Kock,  M. , and  Richter,  J. , 1969b,  Astron. 

St  Astrophys.  446. 

Goldberg,  L.,  Dupree,  A.  K.,  and  Allen,  J.  W. , 1965,  Ann.  d'  Astrophys 
589. 

Holtzer,  T.  E. , and  Axford,  W.  J. , 1970,  J.  Geophys.  Res.  75,  6354. 
Johnson,  W.  D. , and  Kunze,  H.  J.,  1971,  Phys.  Rev.  A 962. 

Jordan,  C. , and  Pottasch,  S.  R. , 1968,  Solar  Phys.  104. 

Jordan,  C. , 1970,  M.N.  R.A.S.  149.  1. 

Kelly,  R.  L. , and  I^lumbo,  L.  J.  1973,  Atomic  and  Ionic  Emission 
Lines  Below  2000  Angstroms,  Hydrogen  through  Krypton,  NRL 
Report  7699,  U.  S.  Government  Printing  Office,  Washington,D.  C. 

Lange,  J.,  and  Scherb,  F. , 1970,  J.  Geophys.  Res.  75,  6350. 

Loulergue,  M. , 1971,  Astron.  St  Astrophys.  15,  216. 

Loulergue,  M. , 1973,  Private  communication. 


n 


Loulergue,  M.  , and  Nussbaumer,  H.  , 1973,  Astron.  & Astrophys. 

209. 

Neupert,  W.  N. , Swartz,  M. , and  Kastner,  S.  O. , 1973,  Solar  Phys.  31. 


Nussbaumer,  H. , 1969,  M.  N.  R.A.  S.  145,  141. 

Pagel,  B.  E.  J.  1974,  Space  Sci.  Rev.  15,  1. 

Parkinson,  J.  H. , 1973,  Astron.  & Astrophys.  24,  215. 

Pottasch,  S.  R.  , 1966,  Bull,,  Astron.  Inst.  Neth.  _1^,  237. 

Pottasch,  S.  R. , 1967,  Bull. , Astron.  Inst.  Neth.  19,  113. 

Rugge,  H.  R.  and  Walker,  A.  B.  C. , Jr.,  1968, in|A.  P.  Mitra, 

L.  G.  Jacchia  and  W.  S.  Neuman  (eds.  )jspace  Res.  North 
Holland  Pub.  Co.  (Amsterdam)  p.  439. 

Shore,  B.  , 1969  Astrophys.  J.  158,  1205. 

Smith,  P.  L.  and  Whaling,  W. , 1973,  Astrophys,  J.  183,  313. 

Tondello,  G. , and  McWhirter,  R.  W.  P.  , 1971,  J.  Phys.  B 4,  715. 

Walker,  A.  B.  C. , Jr.  1972,  Space  Sci.  Rev.  13,  672. 

Walker,  A.  B.  C. , Jr.,  and  Rugge,  H.  R. , 1970,  Astron.  & Astrophys. 

5,  4. 


Walker,  A.  B,  C, , Jr,,  Rugge,  H.  R, , and  Weiss,  Kay,  1974a, 
Astophys.  J.  188,  423,  (Paper  I). 

1974b,  Coronal  Abundances  Derived  from  X-ray  Observations 
UrNitrogen,  Oxygen,  Neon,  Magnesium,  and  Iron,  to  be  published 
in  the  Astroi^ysical  Journal  (August  15)  (Paper  11). 

Withbroe,  G.  L. , 1971  in  The  Menzel  Symposium  on  Solar  Physics, 
Atomic  Spectra,  and  Gaseous  Nebulae,  (Ed.  K.  B.  Gebbie)NBS 
Special  Publication  353  (U.  S,  Govt.  Printing  Office,  Washington) 


vm. 


THE  RELATIVE  ABUNDANCE  OF  NEON  AND 
MAGNESIUM  IN  THE  SOLAR  CORONA* 

H.  R.  Rugge  and  A.  B.  C.  Walker 


ABSTRACT 


A technique  is  proposed  for  determining  the  relative  solar  coronal 
abundance  of  neon  and  magnesium.  The  relative  abundance  is  calculated 
directly  from  the  relative  intensity  of  the  resonance  lines  of  Ne  X (12.  134  A) 
and  Mg  XI  (9.  169  A)  without  the  need  for  the  development  of  a detailed 
model  of  the  thermal  structure  of  the  corona.  Relatively  low  resolution 
Bragg  crystal  spectrometer  results  from  the  OVl-10  satellite  are  used  to 
determine  a coronal  neon  to  magnesivim  relative  abundance  of  1. 47  ± 0.  38. 


*This  paper  has  also  been  published  as  TR-0076(6960-01)-l,  The  Aerospace 
Corporation,  El  Segundo,  California  (8  October  1975)  and  in  The 
Astrophysical  Journal  (Letters)  203,  L139-143  (1976). 
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V ✓ 


I.  INTRODUCTION  i 


Solar  abundances  determined  from  the  analysis  of  chromospheric 
line  intensities  are  subject  to  uncertainties  owing  to  the  particular 
atmospheric  models  and  the  values  of  the  atomic  rate  constants  used. 

In  addition,  they  are  incomplete  since  the  chromospheric  spectrum 
contains  no  lines  from  the  important  noble  gasses.  Published  com- 
pilations of  solar  system  abundances  are  frequently  strongly  weighted 
by  meteoric  data  for  the  nonvolatile  elements  (Urey,  1972;  Cameron, 

1974) .  Recent  determinations  of  solar  abundances  using  other  techniques 
such  as  the  analysis  of  permitted  coronal  lines  (Pottasch,  1967;  Walker, 

1975) ,  the  solar  wind  (Bame,  Ashbridge,  Hundhausen,  and  Montgomery, 

1970)  and  solar  cosmic  rays  (Bertsch,  Fichtel  and  Reames,  1972; 

Crawford,  Price,  Cartwright  and  Sullivan,  1975)  have  confirmed  the 
general  abundance  models  derived  from  chromospheric  and  meteoric 
studies,  but  have  raised  questions  about  the  abund2Lnces  of  specific 
elements,  in  particular  neon,  argon  and  oxygen. 

In  the  present  paper,  we  develop  a technique  which  allows  the 
relative  abundance  of  neon  and  magnesium  to  be  calculated  directly 
from  the  relative  intensity  of  the  resonance  lines  of  Ne  X (12.  134  A) 
and  Mg  XI  (9.  169  k)  without  the  development  of  a detailed  model  of  the  I : 

thermal  structure  of  the  corona.  The  intensity  ratio  of  these  lines  is  ! j 

not  sensitive  to  temperature  over  the  temperature  range  where  these  | 

active  region  lines  are  efficiently  excited.  The  close  proximity  of  the 
two  lines  in  wavelength  minimizes  the  error  introduced  by  uncertainties  : 

in  spectrometer  calibration  curves.  | 
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The  presently  available  data, obtained  on  the  OVl-10  satellite,  are 
only  of  moderate  spectral  resolution,  so  that  it  is  necessary  to  correct 
the  neon  and  magnesium  line  intensities  for  a niunber  of  line  blends  in 
order  to  carry  out  the  analysis.  However,  even  with  these  limitations, 
the  present  analysis  has  allowed  us  to  establish  the  Ne/Mg  abundance 
ratio  to  ± 30%.  The  Ne/Mg  abundance  ratios  recently  quoted  in  the 
literature  have  varied  by  a factor  of  4.  While  the  abiuidance  of  mag- 
nesium relative  to  silicon  (which  has  been  used  as  a standard  by  the 
workers  studying  meteoric  abundances)  is  subject  to  some  uncertainty, 
the  variation  in  the  most  recently  published  work  is  relatively  small, 
so  that  the  improved  Ne/Mg  ratio  derived  in  the  present  paper  can  be 
converted  to  an  absolute  neon  abundance  reasonably  unambiguously. 


I 


II.  THEORY 


I 


\ 

I 

i 


f 


\ 


* 


The  measured  relative  flux  of  the  Ne  X and  Mg  XI  resonance  lines 


can  be  written  (Walker,  Rugge  and  Weiss,  1974a), 


R = 


F(Ne)  _ ’W  * ^^e^  ^Ne  "^e^  ^NeX  ^“^e^  "^NeX  Is^- IsZp^'^e^  ... 

^Ne  * *^^g)  •'^Mg  y*dT^M  (G^,  T^)  (T^)  Is^-lUp^^e) 


-2  - 1 

where  F is  in  units  of  ergs  cm  sec 


The  coronal  emission  measure  function,  M(Gj^,  T^)  is  assumed  to  depend 


on  a set  of  parameters  G,  , e (X)  is  the  spectrometer  efficiency  at  the  wave- 


length X,  A„  is  the  abundance  of  element  Z with  respect  to  hydrogen,  and 

z 


a„  (T  ) is  the  fractional  popvilation  of  ion  z of  element  Z.  The  function 


J(T  ) depends  only  on  atomic  rate  constants  and  is,  to  first  order,  simply 


equal  to  the  collisional  excitation  rate.  We  have  calculated  the  emission 


functions,  a„  (T  ) J_  (T  ) (Walker,  1972;  Walker  and  McKenzie,  1975) 

ZZ  6 ZZ  0 


including  all  relevant  collisional  and  radiative  and  dielectronic  recombination 
processes  and  cascades  up  to  levels  with  n = 6.  Earlier  calculations  of  these 
emission  functions  carried  out  by  Tucker  and  Koren  (1971)  agree  with  our 
latest  calculations  to  within  10%  when  normalized  to  the  same  abundances. 


For  the  simple,  highly  charged  ions  of  interest  here,  the  theoretical 
excitation  rates,  often  a serious  source  of  error  in  this  type  of  analysis, 
should  be  accurate  to  ± 20%  or  better. 

The  results  of  our  calculations  are  presented  in  figure  1,  from 
which  it  can  be  seen  that  the  ratio  approximately  independent 

of  temperature  for  3 x 10^  "K  ^ T ^ 9.  5 x 10^  *K.  The  emission  functions 
for  the  Ne  X and  Mg  XI  resonance  lines  have  their  maxima  well  within 
the  temperature  range  where  the  ratio  remains  approximately  constant. 
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Figure  1.  The  intensities  of  the  NeX  and  MgXI  resonance  lines 
(left  hand  scale)  and  the  ratio  of  the  NeX  to  the  MgXI 
resonance  line  intensities  (right  hand  side)  plotted 
versus  temperature.  The  calcvilations  are  carried 
out  for  an  assumed  neon  to  magnesium  relative 
abiindance  of  1.8. 


Thus,  relative  abundances  calculated  from  the  observed  line  intensity 
ratios,  using  equation  1,  will  depend  only  weakly  on  die  shape  assumed 
for  the  emission  measure  function. 

For  the  lines  under  consideration  here,  the  relatively  complicated 
active  region  emission  measure  function  found  by  Walker,  Rugge  and 
Weiss  (1974a,  b)  reduces  to  the  form  proposed  by  Chambe  (1971)  and 
used  by  Batstone,  et  al.  (1970)  and  Acton,  et  al.  (1972)  to  characterize 
active  regions; 


M(T)  = C lO’’^^’^! 

Walker,  Rugge  and  Weiss  found  Tj  = 3.  5 x 10^  ^ and  Tj  = 4.  0 x 10^ 
*K,  Batstone,  et  al.  found  ~ 7 x 10^  *K  and  Acton,  et  al. , using  lower 
energy  lines,  found  Tj  ~3.  2 x 10^  for  a large  active  region  of  the  type 
most  commonly  observed  by  the  OVl-10  satellite.  We  have  evaluated 
equation  1 using  the  differential  emission  measure  functional  form  given 
in  equation  2 for  a number  of  values  of  Tj.  For  2.0  x 10^  ^ sTj  , 
evaluation  of  the  integrals  in  equation  1 above  1 x 10  *K  yields  a value 
of  Rwhich  varies  by  only  ± 5%.  For  = 1.  5 x 10^  "K,  a maximum 
variation  of  10%  from  the  T = ® value  is  found  with  a relatively  rapid  fall 
off  in  R below  Tj  = 1.  5 x 10^  "K.  In  the  region  which  best  characterizes 
the  OVl-10  active  regions,  3 x 10^  *K  « TjSlO  x 10^  *k,  the  variation  in 
R derived  from  equations  1 and  2 is  but  a few  percent. 


i2) 


m.  SATELLITE  OBSERVATIONS 


The  accuracy  of  the  technique  described  in  Section  II  is  improved  if 
a reasonably  large  body  of  observations  can  be  used  to  establish  the 
intensity  ratio  of  the  Ne  X and  Mg  XI  resonance  lines,  since  the  effects 
of  variations  in  the  emission  measure  function  will  be  averaged  out. 

The  largest  body  of  well  calibrated  observations  with  sufficient  resolution 
appears  to  be  the  observations  obtained  with  the  KAP  Bragg  crystal 
spectrometer  on  board  the  OVl-10  satellite  [Rugge  and  Walker,  1968, 

Walker  and  Rugge,  1969].  The  calibration  of  the  OVl-10  spectrometer  and 
the  procedure  used  to  correct  the  observations  for  scattered  light  and  to 
subtract  the  x-ray  continuum  and  background  from  lines  is  described  in 
detail  by  Walker,  Rugge,  and  Weiss  (1974b).  Unfortunately,  direct 
application  of  the  technique  described  in  Section  II  is  not  possible  because 
of  the  relatively  low  spectral  resolution  of  the  OVl-10  spectrometer, 
which  was  limited  by  the  lack  of  spatial  collimation  and  the  available 
telemetry  rate.  The  low  resolution  of  the  spectrometer  results  in  the 
blending  of  closely  spaced  lines,  and,  when  several  strong  localized 
sources  are  visible  on  the  solar  disk,  in  confusion  due  to  the  overlapping 
of  the  spectra  from  each  source.  Because  of  this  latter  difficulty,  only 
scans  in  which  the  solar  x-ray  spectrum  was  dominated  by  a single  active 
region  were  used  in  the  analysis.  As  a result  of  this  weeding  process  14 
orbits  of  data,  obtained  between  December  1966  and  April  1967,  were 
selected  for  analysis. 

(a)  Intensity  of  the  Magnesium  Resonance  Line 

The  Mg  XI  resonance  Une  at  9.  169  k is  not  clearly  resolved  from 
the  intercombination  line  ls‘  '^S  - ls2s  P , and  from  the  close  dielectronic 
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satellite  lines  (Walker  and  Rugge,  1971)  in  the  OVl-10  spectra.  Parkinson 
(1972,  1974)  has  recently  obtained  a highly  resolved  solar  spectrum  of  this 
wavelength  region.  Gabriel  (1972)  and  Bhalla,  Gabriel,  and  Presnyokov 
(1974)  have  considerably  improved  the  theoretical  understanding  of  the 
temperature  dependence  of  the  intensities  of  the  satellite  lines,  and  Gabriel 
and  Jordan  (1972,  1973)  have  developed  the  theory  of  the  relative  intensities 
of  the  intercombination  and  forbidden  (Is^  - ls2s  ^S)  lines  at  9.  232  A and 
9.  315  k respectively. 

We  have  chosen  to  integrate  the  total  number  of  counts  above  background 
between  9.  165  and  9.  320  i,  thereby  including  the  intensities  of  the  resonance, 
inter  combination,  and  forbidden  lines  of  Mg  XI,  as  well  as  all  of  the  nearby 
satellite  lines  of  Mg  X.  This  total  intensity  is  then  corrected  to  yield  the 
resonance  line  intensity  in  the  following  way.  Parkinson's  (1972)  Mg  XI 
spectrum  is  used  to  determine  the  relative  contribution  of  the  Mg  XI  lines 
in  the  wavelength  interval  directly.  His  measurements  of  the  intensity  of 
these  He-like  lines  is  in  good  agreement  with  recent  theory  (Gabriel,  1972; 
Bhalla,  Gabriel  and  Presnyakov,  1974)  and  other  observations  of  He-like  lines 
[Rugge  and  Walker,  1970,  1971;  Acton,  et  al. , 1971,  1972;  Parkinson, 

1971].  The  relative  intensities  of  all  Bie  satellite  lines  in  the  wavelength 
interval  for  the  OVl-10  data  are  calculated  from  the  relative  intensities 
of  these  lines  observed  by  Parkinson,  corrected  for  a temperature  difference 
using  the  Bhalla,  et  al.  theory.  The  somewhat  lower  effective  temperatures 
obtained  from  the  OVl-10  data  compared  to  the  Parkinson  data  (3.  2 x 10^  *K 
to  4.  0 X 10^  *K,  respectively)  raise  the  satellite  line  fractional  contribution 
in  our  spectra  compared  to  that  obtained  by  Parkinson.  The  Mg  XI  resonance 
line  intensity  is  obtained  by  dividing  the  total  line  intensity  in  the  9.  165  to 
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9.  32  Ainterval  by  a factor  of  3.  2.  The  uncertainty  in  this  factor  reaulta 
primarily  from  the  calculation  of  the  temperature  correction  to  the 
Mg  X satellite  line  relative  intensities.  It  is  estimated  to  be  15%. 

(b)  Intensity  of  the  Ne  X Resonance  Line 

The  two  strongest  lines  closest  to  the  Ne  X resonance  line  at  12.  134  A 
are  the  neon>like  Fe  XVII  lines  at  12.  12  A (l8^2s^2p^  - ls^2s^2p^4d 

and  at  12.26  A(l8^28^2p^  - l8^28^2p®4d  ^Dj).  The  12.26  Aline  can  be 

separated  from  the  Ne  X resonance  line  for  most  of  the  OVl-10  spectra,  but 
the  12.  12  Aline  cannot.  To  obtain  the  intensity  of  the  12.  12  Ape  XVII  line, 
we  have  chosen  to  establish  the  value  of  the  (presumed)  constant  ratio  between 
the  12.  12Aand  12.26AFe  XVII  lines  and  the  much  stronger  and  easily  re- 
solved Hnes  ofFe  XVnat  15. 01  A (ls^2s^2p^  - ls^2s^2p^3d  ^Pj)  and  at 

l6.77Jl(l8^28^2p^  - l8^28^2p^38  ^Pj). 

To  obtain  these  ratios  we  have  analyzed  several  orbits  of  higher 
resolution  KAP  crystal  spectrometer  data,  obtained  with  the  OVl-17  satellite 
(Walker  and  Rugge,  1970;  Walker,  Rugge  and  Weiss,  1974c),  and  the  high 
resolution  rocket  spectrum  obtained  by  Parkinson  (1974).  The  12.  26  Aline 
of  Fe  XVII  is  easily  separated  from  the  blended  line  formed  by  the  Ne  X 
resonance  line  (12.  134  A)  and  the  Fe  XVII  12. 12  A line  in  the  OVl-17  spectra. 
Parkinson  (1974)  has  observed  the  relative  intensities  of  the  Fe  XVII  12.  12  A 
line  to  the  12.26  Aline  to  be  1.2.  Froese  (1967)  has  calculated  this  ratio  to 
be  1.  1 and,  very  recently,  Loulergue  and  Nussbaumer  (1975)  have  calculated  a] 
ratio  of  1.  2.  We  have  used  a value  of  1. 2 for  the  ratio  in  our  analysis. 

Thus,  we  calculate  the  line  intensity  of  the  12.  12  APe  XVII  line,which  must 
be  subtracted  from  the  blended  lines  at  12.  13  Ato  obtain  the  NeX  resonance 


line  intensity,  using  measured  ratios  between  this  line  and  other  strong  and 
easily  resolved  Fe  XVII  lines  also  measured  with  the  OVl-10  spectrometer. 


I 

t 

i 

Tlic  major  uncertainty  in  this  correction,  which  is  substantial, 
results  from  the  inaccuracy  in  the  determination  of  the  Fe  XVII  ratios. 

The  total  uncertainty  in  correctly  assessing  the  intensity  of  the  NeX 
resonance  line  after  subtracting  the  12.  12 1 line  is  estimated  to  be  ~ 25%. 

(c)  Calculation  of  the  Relative  Ne/Mg  Relative  Intensities 

-2  - 1 

The  ratios  of  the  Ne  X resonance  line  intensity  (in  ergs  cm  sec  ) 
to  the  Mg  XI  resonance  line  intensity  (in  the  same  units),  R,  obtained  from 
the  data  arc  shown  in  Figure  2,  plotted  against  the  relative  intensity  (in 
counts)  of  the  Mg  lines  near  9.  2 A . As  can  be  seen  from  the  figure,  there 
is  little,  if  any,  correlation  between  the  ratio  R and  the  total  9.  2 A intensity. 
This  should  be  the  case  if  the  ratio  is,  as  expected,  essentially  temperature 
independent  for  the  observations  used.  The  scatter  in  the  data  is  consistent 
with  a constant  ratio  having  the  uncertainties  discussed  earlier.  If  we 
assume  the  ratio  is,  in  fact,  constant,  we  may  average  the  data  and 
^ obtain  a ratio  of  the  Ne  X resonance  line  intensity  to  that  of  the  Mg  XI 

resonance  line  of  0.  90  ±0.  24.  Using  the  result  of  equation  1,  this  leads 
directly  to  a relative  solar  coronal  neon  to  magnesium  abundance  of 
1.47  ± 0.  38. 


r 


1(92  A -counts) 


Figure  2. 


The  measured  energy  ratio  of  the 
NeX  resonance  line  to  the  MgXI 
resonance  line  plotted  against  the 
average  Mg  intensity  per  scan 
(in  counts).  Each  data  point  repre- 
sents the  average  of  several  scans; 
the  majority  represent  the  average 
of  a full  orbit  of  data 


4^  IV.  DISCUSSION 

The  technique  described  in  this  paper  has  been  applied  to  relatively 
low  resolution  x>ray  data  obtained  on  the  OVl-10  satellite.  The  relative 
solar  coronal  neon  to  magnesium  abundance  has  been  found  to  be  1.47 
0.  38.  This  compares  with  a value  recently  obtained  by  the  authors, 
using  a less  direct  technique,  of  1.  8 [Walker,  Rugge  and  Weiss,  1974a,  b]. 
Other  recent  solar  results  have  ranged  from  a Ne/Mg  ratio  of  ~ 0.6  obtained 
from  the  analysis  of  the  Li-like  lines  in  the  solar  XUV  spectrum  [Flower 
and  Nussbaumer,  1975],  ~0.8  obtained  from  solar  cosmic  ray  measure- 
ments [Crawford,  et  al. , 1975],  ~0.  9 [Withbroe,  1971;  Dupree,  1972]  and 
1.75  [Malinovsky  and  Heroux  (1972)]  obtained  from  coronal  XUV  measure- 
ments, to  a ratio  of  ~2.  9 [Bertsch,  et  al.  , 1972]  obtained  from  other  solar 
cosmic  ray  measurements. 

Since,  a.^  mentioned  above,  most  recent  measurements  of  the  Mg 
abundance  have  been  found  to  be  between  30  and  35  x 10  ^ relative  to 
H,  we  may  use  this  value  and  the  Ne/Mg  ratio  obtained  in  this  paper  to 
derive  a Ne  abundance  relative  H of  =“47  x 10 

We  would  like  to  again  emphasize  the  basic  simplicity  of  the  technique 
described  in  this  paper  when  it  is  applied  to  high  resolution  solar  crystal 
spectrometer  data  easily  obtainable  with  presently  flown  instrumentation. 
The  ultimate  accuracy  of  the  Ne/Mg  results  obtained  are  limited  only  by 
the  uncertainties  in  resonance  line  calculations  and  the  slight  variations 
in  the  resonance  line  intensity  ratios  with  active  region  temperature. 
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IX.  OBSERVATION  AND  ANALYSIS  OF  Fe  XVUI 
SOLAR  X-RAY  EMISSION* 

H.  R.  Rugge  and  A.  B.  C.  Walker,  Jr. 

ABSTRACT 


X-ray  spectra  from  the  solar  corona,  obtained  with  a crystal 

spectrometer  on  the  OVl-17  satellite,  are  used  to  analyze  Fe  XVIll  emis- 

sion  lines  between'^  14  and  ~ 16  A.  The  first  comprehensive  and  accurate 

determinations  of  the  coronal  Fe  XVIll  wavelengths  and  relative  intensities 

are  made  for  the  2p-3d  and  Zp-Ss  transitions.  Eighteen  emission  lines  or 

line  blends  of  Fe  XVIll  were  observed  and  analyzed,  including  all  X-ray  lines 

previously  observed  in  hot  laboratory  plasmas  in  this  wavelength  region. 

The  measured  OVl-17  wavelengths  are  in  excellent  agreement  with  the  best 

laboratory  measurements.  The  relative  intensities  for  the  Fe  XVin  lines 

are  used  to  deduce  relative  effective  collision  strengths  for  a number  of 

2 4 

transitions.  The  potential  effects  of  cascades,  to  the  2s  2p  3d,  3p  and  3s 
levels  of  Fe  XVIll,  on  the  interpretation  of  these  relative  collision  strengths 
are  discussed  in  detail.  Calculations  of  the  relative  collision  strengths 
using  the  modified  Bethe  approximation  are  compared  to  the  OVl-17  deduced 
values.  All  2p-3s  values  are  observed  to  be  substantially  larger  than  pre- 
dicted, probably  indicating  the  important  role  played  by  cascades  in  populat 
populating  the  3s  levels.  Agreement  between  the  2p-3s  values  is  better,  but 
not  very  good.  Several  explanations  are  offered  for  this  discrepancy. 

Finally,  the  measured  energy  flux  emitted  in  the  X-ray  region  by  the  corona 
in  the  form  of  Fe  XVII  and  Fe  XVUI  emission  lines  is  compared  for  a variety 
of  coronal  conditions  using  the  OVl-17  spectra.  This  comparison  shows  that 


4* 

This  paper  has  also  been  published  as  TR-0077(2960-01)-l,  The  Aerospace 
Corporation,  El  Segundo,  California  (1  September  1977)  and  in  The 
Astrophysical  Journal  219  (1978). 
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XVUI  Solar  X-ray  Emission 


accurate  estimatea  of  X-ray  emission  from  hot  astr'ophysical  plasmas  in 
the  14  to  16  a wavelength  range  must  include  contributions  from  Fe  XVIII. 
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I.  INTRODUCTION 
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The  soft  X-ray  spectrum  of  the  solar  corona  is  dominated  by  the 
emission  lines  of  high  stages  of  ionization  of  iron  during  flares.  In  large 
flares,  the  density  of  lines  from  the  2p-3d  and  2p-3s  transitions  in  the  ions 
Fe  XVII  through  Fe  XXIV  has  made  it  difficult  to  identify  individual 
transitions  in  presently  available  flare  X-ray  spectra  (Doschek,  1975).  In 
addition  to  flare  spectra,  the  X-ray  spectra  of  hot  active  regions  also 
display  bright  emission  lines  from  the  2p-3d  and  2p-3s  transitions  in  Fe  XVII 
and  Fe  XVlIl.  Detailed  observations  (Neupert,  Swartz,  and  Kastner  1973, 
Walker,  Rugge,  and  Weiss  1974a,  Parkinson  1975,  Hutcheon,  Pye,  and  Evans 
1976)  and  analyses  (Loulergue  and  Nussbaumer  1973,  1975,  Walker,  Rugge, 
and  Weiss  1974a)  of  Fe  XVII  X-radiation  from  active  regions  have  been 
carried  out.  However,  no  comprehensive  and  accurate  observations  of 
similar  radiation  from  Fe  XVllI  are  yet  available.  In  the  present  paper  we 
analyze  a number  of  high  resolution  solar  X-ray  spectra  taken  from  the 
OVl-17  satellite,  including  several  taken  after  a moderate  (class  IB)  flare, 
in  which  we  have  been  able  to  identify  all  of  the  principal  Fe  XVIII  2p-3d 
and  2p-3s  transitions  previously  seen  only  in  laboratory  plasmas.  The  line 
identifications  have  been  carried  out  using  recent  analyses  of  high 
resolution  spark-excited  laboratory  X-ray  spectra  of  Fe  XVIII  and  have 
resulted  in  the  clarification  of  the  identity  of  several  lines  previously 
observed  in  the  spectra  of  flares  and  hot  active  regions. 


Theoretical  models  of  the  excitation  of  the  spectrum  of  neon-like 
Fe  XVII  (Loulergue  and  Nussbaumer  1973,  1975)  have  resulted  in  good 
agreement  between  the  predicted  and  observed  relative  intensities  of  the 
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2p-3d  and  2p-3s  transition  arrays.  Unfortunately,  theoretical  collision 
strengths  for  the  more  complicated  fluorine-like  isoelectronic  sequence 
have  not  yet  been  calculated  and,  consequently,  it  has  not  been  possible  to 
calculate  the  relative  intensities  of  the  principal  lines  of  the  2p-3d  and  2p- 
3s  transition  arrays  for  Fe  XVIll.  Neither  has  it  been  possible  to  properly 
include  the  spectra  of  this  ion  in  theoretical  models  of  X-ray  emitting 
astrophysical  plasmas.  In  the  present  paper  we  present  the  first 
comprehensive  and  accurate  evaluation  of  the  relative  intensities  of  all  of 
the  important  2p-3d  and  2p-3s  transitions  in  Fe  XVIII  under  coronal 
conditions  and  use  these  intensities  to  calculate  the  relative  effective 
collision  strengths  for  these  Fe  XVIII  transitions.  In  addition,  we  compare 
the  relative  contribution  of  Fe  XVII  and  Fe  XVIII  X-ray  intensities  from  the 
solar  corona  for  a variety  of  plasma  conditions. 

Section  II  of  this  paper  briefly  describes  the  satellite  experiment  and 
the  X-ray  data.  Section  III  discusses  • the  observation  of  the  Fe  XVIII 
spectra,  the  Fe  XVIII  2p-3d  and  2p-3s  wavelengths  measured  by  the  OVl-17 
instrument  and  a comparison  of  these  wavelengths  with  laboratory 
measurements  of  hot  plasmas.  Section  IV  concerns  itself  with  the  relative 
intensities  of  the  strongest  Fe  XVIII  lines  and  the  determination  of  the 
relative  effective  collision  strengths  for  these  transitions.  Section  V 
briefly  assesses  the  importance  of  Fe  XVIII  X-ray  intensities  compared  to 
those  of  Fe  XVII,  the  source  of  the  strongest  coronal  X-ray  lines  from 
active  regions.  Finally,  Section  VI  presents  a summary  of  the  paper  and  its 
principal  conclusions. 
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II.  THE  OVl-17  SATELLITE  X-RAY  DATA 


The  data  presented  in  this  paper  were  obtained  with  an  uncollimated 
Brag^  crystal  spectrometer  experiment  flown  on  the  OVl-17  satellite  which 
has  been  previously  described  (Walker  and  Rugge  1970).  The  experiment 
consisted  of  a solar  pointer  containing  3 scanning  Bragg  crystal  spectro- 
meters (KAP,  EDDT,  LiF  crystals)  which  covered  the  1.5  to  25 A 
wavelength  interval.  The  Fe  XVIII  results  described  in  this  paper  were 
obtained  with  the  KAP  (poteissium  acid  phthalate)  crystal  and  a photo- 
electric detector.  The  spectral  resolution  of  the  measurements  is  limited 
by  the  inherent  line  width  attributable  to  the  KAP  crystal,  if  larger  than 
1.67  arc  min.,  or  by  the  on-board  data  sampling  time  (determined  by  the 
satellite  telemetry)  which  corresponds  to  1.67  arc  min.  of  travel  by  the 
crystal. 

The  data  presented  in  this  paper  were  obtained  on  1969  March  20 
and  21,  with  much  of  the  data  used  for  detailed  quantitative  analysis  having 
been  taken  about  70  minutes  after  a class  IB  flare  which  occurred  on 
March  21  at  ~ 1330  UT.  As  a result,  the  majority  of  the  Fe  XVIII  and  other 
"hot"  coronal  X-ray  lines  originated  from  a small  region  on  the  solar  disk. 
Consequently,  the  potential  problem  of  artifically  broadened  spectral  lines 
as  a result  of  multiple  strong  sources,  often  encountered  with  full  disk 
measurements  of  the  sun  using  crystal  spectrometers,  is  minimized  for 
these  data  and  the  inherent  instrumental  spectral  resolution  is  attained. 
This  condition  allows  improved  assignment  of  wavelengths  for  emission 
lines. 
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A total  of  eight  spectra  obtained  under  varying  conditions  of  the 
solar  coronal  plasma  were  used  in  the  evaluation  of  relative  line  intensities 
of  Fe  XVIII  and  in  the  comparison  of  Fe  XVIII  to  Fe  XVII  line  emission. 
Four  of  these  eight  spectral  scans  were  taken  consecutively,  each  scan 
requiring  4 minutes,  after  the  class  IB  flare. 
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III.  DETERMINATION  OF  THE  WAVELENGTHS  OF  THE  Fe  XVIII 
X-RAY  EMISSION  LINES 


f A number  of  experimenters  have  previously  reported  the  observation 

\ 

I of  Fe  XVIII  emission  lines  from  the  solar  corona  (e.g.,  Evans,  Pounds,  and 

i Culhane  1967,  Neupert  et  al.  1967,  Rugge  and  Walker  1968,  Doschek, 

I Meekins,  and  Cowan  1973,  Walker,  Rugge,  and  Weiss  1974b,  Parkinson  1975, 

I and  Hutcheon,  Pye,  and  Evans  1976.)  Most  of  these  reported  spectra  have 

I been  of  relatively  low  resolution,  with  the  exception  of  those  of  Parkinson 

! (1975)  and  Hutcheon,  Pye,  and  Evans  (1976),  both  of  which  had  excellent 

I spectral  resolution.  Only  Parkinson  (1975)  has  attempted  an  analysis  of  the 

Fe  XVIII  lines  to  date.  Unfortunately  his  Fe  XVIII  measurements  suffer 
from  low  counting  rates.  However,  he  does  present  wavelength  measure- 
I ments  for  six  Fe  XVIII  lines.  Most  of  these  wavelengths  agree  well  with  the 

best  laboratory  measurements  (Feldman  et  al.  1973)  of  these  lines. 

We  have  used  X-ray  spectra  of  the  Fe  XVIII  lines  taken  ~ 70  minutes 
after  a class  IB  flare  on  1969  March  21  to  determine  the  wavelengths  of  a 
number  of  the  strongest  lines  or  line  blends  of  Fe  XVIII  which  occur 
between  ~ 14  to  ~ 16A.  Over  this  wavelength  region  our  spectral 
resolution  was  ~ 0.01  A,  determined  primarily  by  the  OVl-17  satellite 
telemetry  sampling  rate. 

The  absolute  wavelengths  of  the  Fe  XVIII  lines  were  obtained  by 
using  the  well-determined  wavelengths  of  the  Ne  IX  ls-2p  resonance  line 
(13.447 A),  the  Fe  XVII  2p-3d  ^Pj  (15.012A)  and  2p-3s^Pj  (16.769 A)  lines 
and  the  constant  and  well-measured  scanning  rate  of  the  potassium  acid 
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phthalate  Bragg  crystal  (0.2500  deg  s~^).  A total  of  eighteen  Fe  XVUl  lines 
or  line  blends  were  observed  with  sufficient  intensity  to  be  unequivocally 
assigned  a wavelength.  The  wavelengths  were  determined  from  a single 
spectral  scan.  Either  the  scan  taken  at  1442  UT  or  at  1446  UT  on  March 
21  (~70  minutes  after  a class  IB  flare)  was  used  for  the  wavelength 
assignment  of  the  great  majority  of  the  lines. 

Figure  1 presents  the  sum  of  four  spectral  scans  taken  between 
~13.5  and  ^ IS.oA.  The  four  scans,  taken  between  1442  and  1458  UT  on 
1969  March  21,  were  added  to  better  show  some  of  the  weaker  lines. 
However,  the  addition  slightly  degrades  the  resolution  available  in  a single 
spectral  scan  and,  in  addition,  does  not  indicate  the  appropriate  intensities 
of  the  Fe  XVIIl  lines  relative  to  the  other  strong  lines  as  they  appeared  at 
1442  UT,  the  time  of  the  greatest  emission  of  Fe  XVlll  radiation  from  the 
previously  flaring  region.  The  expected  positions  of  the  sixteen  2p-3d 
Fe  XVIII  lines,  as  well  as  those  of  several  strong  lines  of  other  ions,  are 
indicated  in  Figure  1.  Four  of  the  Fe  XVIII  multiplets  indicated  in  Figure  1 
are  not  resolved  into  individual  lines  by  our  spectrometer. 

Figure  2 presents  similar  data  for  the  wavelength  region  from  ~15 

O 

to  ~17A.  In  this  figure  three  spectral  scans  have  been  added;  those  from 
1446  to  1458  UT  on  March  21.  The  expected  positions  of  twelve  Fe  XVIII 
lines  are  shown,  with  the  dashed  lines  indicating  those  blended  with 
stronger  lines  of  other  ions.  No  attempt  at  wavelength  determination  was 
made  for  these  blended  lines.  Strong  lines  from  other  ions  are  also 
indicated  in  Figure  2. 


L 


-248. 


WAVELENGTH  (A) 


l - Sum  of  three  spectral  scans  recorded  by  the  KAP  spectrometer 
on  the  OVl-17  satellite  for  1969  March  21.  The  predicted  positions  of 
the  Fe  XVIII  2p-3s  transitions  are  indicated.  The  dashed  lines  indicate 
blends  with  stronger  lines  of  other  ions. 
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The  wavelengths  of  the  Fe  XVIII  lines  determined  by  our  spectro- 
meter are  presented  in  Table  1 (2p-3d  transitions)  and  in  Table  2 (2p-3s 
transitions).  The  wavelengths  are  presented  to  3 significant  figures  after 
the  decimal.  The  uncertainty  in  wavelength  for  the  stronger  lines  is 
estimated  to  be  ± 0.005  A.  The  other  information  presented  in  the  tables  is 
discussed  below  in  § IV. 

The  most  definitive  work  to  date  on  the  wavelengths  of  the  emission 

O 

lines  of  Fe  XVIII  in  the  10-20 A region  comes  from  the  laboratory  work  of 
Feldman  et  al.  (1973)  who  have  considered  the  fluorine  isoelectronic 
sequence  in  great  detail.  Earlier  work  on  identification  of  Fe  XVIII  lines  in 
laboratory  plasmas  was  carried  out,  e.g.,  by  Fawcett,  Gabriel,  and  Saunders 
(1967),  Cohen,  Feldman,  and  Kastner  (1968),  Connerade,  Peacock,  and 
Speer  (1970),  Cohen  and  Feldman  (1970),  and  Swartz  et  al.  (1971).  Some  of 
these  investigators  have  questioned  a number  of  identifications  made  by 
others  listed  here,  including  some  of  Fe  XVIII.  At  present,  the  paper  of 
Feldman  et  al.  (1973)  seems  to  have  resolved  many  of  these  past 
difficulties. 

We  have  used  the  wavelength  data  of  Feldman  et  al.  (1973)  for  the 

3s  and  3d  states  which  decay  radiatively  to  the  ground  state  term  of 
2 2 5 2 

Fe  XVIII  (Is  2s  2p  **i/2»3/2^’  constructed  the  energy  level  diagram 
shown  as  Figure  3.  It  should  be  noted  that  not  all  possible  upper  level 
states  are  shown;  but,  for  the  most  part,  only  those  which  gave  rise  to 
observable  X-radiation.  It  should  also  be  noted  that  although  no  3p  states 
are  shown  they  do  exist,  lying  in  energy  between  3s  and  the  3d  states. 
However,  since  they  cannot  have  an  allowed  transition  to  the  2p^  ground 
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TABLE  1 

Fe2SIII2p-3d  Wavelengths  and  Intensity  Ratios 


ovn? 

Wavelength 

1^ 


Feldman  et  al.  119731 
Wavelength 
lAl 


Transition 


t 

L 


0V1 17  Intensity 
Ratio  IPhotons) 
IIX|/in4.2Al 


13.943 

13.919 

13.954 

I 

0.20±0.02 

14.118 

14.121 

0.08±0.02 

14.151 

14.150 

0.10±0.04 

14.200 

14.200 

%2-i'Dai  V 

100±0.025 

14.254 

14.255 

0.36±0.02 

14.361 

2p„2-l'DI3d^03,2 

14.368 

14.373 

^/2-I^P“S2 

0.43±0.02 

14.422 

14.419 

^;2-'’™V 

0.25±0.015 

14.419 

^Pjg-I^PISd 

14.467 

%i2 

14.474 

14.485 

0.11±0.01 

14.536 

2p3,2,-i’™V3,j 

14.541 

14.551 

0.40±0.02 

14.589 

14.581 

S2-'^™dV„j 

0.13±0.015 

14.660 

14.666 

^/2-*'3d\2 

0,16±0.015 

14.761 

14.772 

2p,j,-|3pi3dV 

0.12±0.02 
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TABLE  2 

Fe22IIL2p-3s  Wavelengths  and  Intensity  Ratios 


0V1-17 

Feldman  et  al.  119731 

OVl-17  Intensity 

Wavelength 

Wavelength 

Ratio  IPhotonsl 

lAl 

(A) 

Transition 

IU)/II14.2A) 

Blended 

15.258 

^P3,2-|’sI3s 

- 

Blended 

15.491 

^P„2-|'sI3s^S„2 

— 

15.622 

15.623 

^P3J2-|'dI3s  ^03,2 

0.47±0.03 

15.763 

15.764 

0.12±0.03 

15.830 

15.826 

^3/2  ' ^3/2 

0.34±0.04 

15.866 

15.869 

^P,,2-''dI3s^D3,2 

0.30±0.04 

Blended 

16.003 

2p  _|^pi3s  V 

2p„2-I^PI3s2p„.2  : 

► — 

16.024 

' 16.073 

16.078  ^ 

16.087 

^P  -(^P)3s  ^P 
^1/2  ' ^3/2 

1.15±0.05 

j 

, 16.109 

^P„2-I^PI3s  V„2  . 

16.277 

16.270 

^1/2  ' ’ 3/2 

0.14±0.03 
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Fe  XM 


FIG.  3 - Energy  level  diagram  for  Fe  XVIII  showing  those  levels  which 
give  rise  to  observable  X-radiation  by  decay  to  the  ground  state  levels. 
The  asterisks  on  the  quartet  states  indicate  that  not  all  possible  levels 
of  this  configuration  are  displayed  because  radiation  from  the 
undisplayed  states  has  not  been  observed. 
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state  levels  of  Fe  XVIII,  they  instead  populate  the  3s  levels  by  decaying  to 
those  states.  The  importance  of  this  effect  upon  calculated  line  intensites 
will  be  discussed  in  ^ IV. 


All  of  the  Fe  XVIII  X-ray  lines  or  line  blends  observed  by  Feldman  et 
(1973)  have  been  seen  in  the  OVl-17  spectra,  although  several  are 
sufficiently  close  in  wavelength  that  they  cannot  be  resolved  from  each 
other  or,  in  a few  cases,  from  blends  with  other  strong  lines.  However,  the 
majority  of  these  multiple  lines  are  obviously  broader,  in  the  OVl-17 
spectra,  than  single  emission  lines.  Tables  1 and  2 list  the  wavelengths 
measured  by  Feldman  et  al.  (1973)  for  the  2p-3d  and  2p-3s  transitions, 
respectively.  Also  shown  are  the  lower  and  upper  levels  assigned  by 


Feldman  et  al.  for  each  transition.  In  the  Tables  the  lower  level  of  the 

2 2 

ground  state  term  is  given  as  either  or  Pj/2  indicate, 

oocA  99^9 

respectively,  the  Is  2s  2p  ls^2s  2p  upper 

o 

levels  are  abbreviated  by,  for  example,  listing  the  14.200A  upper  level 

ls^2s^2p^(^D)3d  ^1^5/2  (^D)3d  ^05/2’  ®l®ctrons  always  being 

2 2 4 

Is  2s  2p  . A similar  convention  is  used  in  Table  2 for  the  2p-3s 


transitions. 


The  agreement  between  the  Fe  XVIII  wavelengths  measured  by  our 
spectrometer  on  the  OVl-17  satellite  and  those  measured  by  Feldman  et 
(1973)  in  a laboratory  plasma  are  excellent  even  for  the  weaker  lines  and 
well  within  the  uncertainties  of  measurement  for  both  experiments.  This 
agreement,  as  well  as  the  behavior  of  the  lines  measured  during  a variety 
of  solar  conditions,  convinces  us  that  all  of  the  lines  observed  do  indeed 
belong  to  the  Fe  XVIII  ion. 
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One  of  the  lines  observed  by  the  OVl-17  spectrometer  and  listed  as 
a line  of  Fe  XVIII  in  Table  1 at  14.660A  was  not  observed  by  Feldman  etal. 
(1973)  in  the  laboratory.  However,  the  close  correspondence  of  the 
measured  wavelength  to  that  calculated  for  the  Fe  XVIII  transition  and  its 
behavior  with  solar  activity  leads  us  to  believe  it  is  an  Fe  XVIII  line  as 
indicated  in  Table  1. 


IV.  Fe  XVIII  RELATIVE  INTENSITIES  AND  RELA  HVE  EFFECTIVE 
COLLISION  STRENGTHS 


i 


i 


I 

I 


This  section  discusses  the  relative  intensites  of  the  Fe  XVIII  lines  (or 
line  blends)  measured  by  the  OVl-17  satellite  spectrometer  and  the 
relationship  of  those  measured  intensities  to  effective  collision  strengths 
for  the  appropriate  transitions.  The  deduced  effective  collision  strengths 
are  compared  to  the  only  available  calculations  which  make  use  of  the 
Bethe  approximation  and  the  results  of  such  a comparison  are  presented 
and  discussed.  Potential  problems  arising  from  line  blends  are  also 
discussed  in  this  section,  as  is  a comparison  with  previously  obtained 
results. 

a)  Fe  XVm  Relative  Intensities 

The  measured  Fe  XVIII  photon  intensities  relative  to  the  photon 
intensity  of  the  Fe  XVIII  line  at  14.200A,  the  strongest  Fe  XVIII  line 
observed,  are  presented  in  Table  1 (2p-3d  transitions)  and  in  Table  2 (2p-3s 
transitions).  These  ratios  and  their  uncertainties  were  determined  as 
follows;  For  each  spectral  scan  in  which  a given  line  was  visible,  its 
relative  intensity  was  determined  by  correcting  the  counts  in  each  line  by 
the  wavelength  dependent  efficiency  of  the  spectrometer.  (This  is  a 

o 

relatively  small  correction  since  all  the  lines  lie  between  ~ 14  and  16 A.) 
The  uncertainty  attributable  to  each  line  was  that  associated  with  the 
counting  statistics  of  that  line  and  its  background  subtraction.  A weighted 
average  of  the  relative  intensity  for  each  line  was  then  obtained  using  all 
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^ of  the  spectral  scans  (a  maximum  of  eight)  in  which  that  line  was  clearly 

discernable.  All  but  the  weakest  lines  appeared  in  most  of  the  eight 
available  spectral  scans.  Five  of  the  eighteen  Fe  XVlll  lines  observed  had 
intensities  (after  background  subtraction)  represented  by  more  than  1000 
counts,  four  had  intensities  represented  by  less  than  200  counts;  the 
remaining  lines  had  intensities  represented  by  between  200  and  1000 

f 

o 

counts.  For  the  four  lines  with  the  lowest  number  of  counts  (14.118A, 
14.151A.  15.763A  and  16.277A),  the  uncertainties  owing  to  decisions 
concerning  background  subtraction  and  limits  of  spectral  integration  are 
probably  greater  than  those  shown,  which  result  from  counting  statistics 
only. 

t 

i 

t 

t 

\ b)  Past  Theoretical  Calculations 

The  primary  mechanism  for  populating  excited  levels  in  Fe  XVlll, 

& 

which  lead  to  the  radiative  transitions  of  interest  in  this  paper,  is 

[ 

collisional  excitation.  Thus,  to  calculate  the  Fe  XVlll  X-ray  intensities 

r 

I collision  strengths  are  required,  as  are  oscillator  strengths  to  calculate 

t 

* radiative  branching  ratios  from  excited  states.  While  detailed  calculations 

I of  the  collision  strengths  required  to  calculate  the  collisional  excitation 

rates  in  neon-like  Fe  XVII  have  been  carried  out  (Loulergue  and 
Nussbaumer  1973,  1975),  the  more  difficult  fluorine-like  Fe  XVlll 
calculations  have  not  yet  been  attempted.  For  the  case  of  Fe  XVII 
I Loulergue  and  Nussbaumer  (1973)  first  used  a 36  level  scheme  to  describe 

r 

I the  statistical  equilibrium  equations  including  terms  up  to  n = 3.  A similar 

calculation  for  Fe  XVIII,  i.e.,  including  all  n = 3 levels,  would  necessitate  a 
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calculation  with  92  levels.  Loulergue  and  Nussbaumer  (1975)  have  recently 
carried  their  Fe  XVII  calculations  further  to  include  n = 4 levels,  adding 
another  89  levels.  However,  they  included  only  a total  of  51  Fe  XVII  levels 
in  their  line  intensity  calculations  and  found  only  relatively  minor  changes 
from  the  results  of  the  36  level  (up  to  n = 3 only)  calculations.  Until  at 
least  a complete  calculation  up  to  and  including  the  n = 3 levels  is 
completed,  a detailed  comparison  between  measured  and  calculated 
Fe  XVIII  X-ray  line  intensities  cannot  be  meaningfully  carried  out. 

Tucker  and  Koren  (1971)  have  estimated  the  "summed"  collision 
strengths  for  the  2p-3d  and  2p-3s  transitions  in  Fe  XVIIl.  These  estimates 
were  obtained  by  scaling  the  collision  strengths  for  boron-like  ions.  In  turn, 
the  boron-like  collision  strengths  were  obtained  by  using  calculations  of 
Bely  and  Petrini  (1970)  for  the  excitation  of  2p-nl  transitions  in  lithium-like 
ions.  Inasmuch  as  the  Fe  XVIII  wavelengths  and  correct  designations  of  a 
number  of  levels  were  not  well  known  at  the  time  of  the  work  of  Tucker 
and  Koren  (1971)  and  because  only  an  order  of  magnitude  accuracy  can  be 
expected,  these  calculations  do  not  serve  as  an  effective  check  on  any 
experimentally  obtained  results. 

Kato  (1976)  has  also  carried  out  an  estimate  of  the  "summed" 
collision  strength  for  Fe  XVIII  using  similar  techniques.  Kis  "summed" 
collision  strength  differs  from  that  of  Tucker  and  Koren  (1971)  by  a factor 
of  20. 

c)  Effective  Collison  Strength  Definition 

The  basic  theory  of  coUisional  excitation  and  subsequent  radiation  of 
coronal  ions  has  been  put  forth,  for  example,  by  Van  Regemorter  (1962). 
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Using  this  theory  it  can  be  shown  that  the  energy  flux  at  the  earth,  E (ergs 
cm'^s”^),  for  a given  transition  between  states  j and  i may  be  written  as: 
(see,  e.g..  Walker  1972) 


E a 3.05  X 10"^^  E; 


ij 


ij  u 


1 


®ji  ®H 


/ 


G(T)  M(T)  dT 


(1) 


where  E.j  is  the  energy  difference  between  the  upper  (j)  level  and  the  lower 
(i)  level  (ergs),  Q ..  is  the  temperature-averaged  collision  strength, 
w.  = 2J.+1  is  the  statistical  weight  of  the  lower  state,  ajj  is  the  number  of 
hydrogen  ions  per  electron  in  the  plasma,  is  the  elemental  abundance 
relative  to  hydrogen  and 


G(T)  = 


“Zz^'T) 


(2) 


where  T is  the  electron  temperature,  k is  the  Boltzmann  constant  and 
azjj(T)  is  the  fraction  of  the  element  Z in  ionization  stage  z (z  = 18  for 
Fe  XVIII)  determined  from  ionization  equilibrium  considerations.  M(T)  is 
the  differential  emission  measure  given  by 


yM(T)dT= 


‘dV 


(3) 


where  n is  the  electron  density  (cm  ).  The  branching  ratio,  B..,  must  be 
included  if  excitation  from  the  ground  level  i to  the  upper  level  j can  result 
not  only  in  a decay  back  to  level  i but  also  to  another  level  lying  below  the 
upper  (j)  level. 
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Q , the  temperature-averaged  collision  strength  is  defined  by 


Q = 


c 

/ 


po 

(E)  exp  (- 


E V j/  E 


) . 


(4) 


j2(E)  is  related  to  the  cross  section  for  collisional  excitation  from  state  i, 
o (E),  by 


<r(E)  = 


i2(E) 


(5) 


where  m is  the  electron  mass,  E the  energy  of  the  incident  electron  and  the 
other  symbols  have  their  usual  meaning.  Since  Si  is  usually  only  weakly 
dependent  on  energy  near  threshold  (see,  e.g..  Walker  1972)  the  approxima- 
tion is  often  made  that  S2  ^ Q evaluated  at  threshold. 

It  should  be  noted  that  the  collision  strength  defined  by  eqns.  (1),  (4) 
and  (5)  is  the  usual  definition,  but  differs  from  that  used  by  Tucker  and 
Koren  (1971)  in  that  they  include  the  statistical  weight  of  the  initial  state, 
tJj,  in  their  definition  of  the  collision  strength. 

The  effective  collision  strength.  Si  can  be  defined  as 


(6) 


Thus,  wiien  a radiative  transition  from  level  j to  i results  only  from  level  j 
being  filled  by  collisional  excitation  from  level  i (the  so-called  coronal 
excitation  condition),  the  effective  collision  strength  may  be  deduced  from 
the  line  intensity  by  use  of  equations  (1)  through  (6). 

-261- 


The  relative  effective  collision  strength  for  two  lines  from  the  same 
ion  may  be  obtained  in  terms  of  the  measured  intensities  of  the  relevant 
transitions  (1  and  2)  of  interest  from  equations  (1)  and  (6)  as 

^eff^^^  ~ (7) 

where  we  have  assumed  the  integral  J" G(T)M(T)dT  is  identical  for  both 
transitions.  The  ws  are  the  statistical  weights  of  the  lower  levels  of  the 
transitions  and  the  As  the  wavelengths  of  the  relevant  transitions.  In  fact, 
since  G(T)  contains  a term  involving  the  energy  of  the  transition  (see  eq.  2) 
this  approximation  is  only  valid  when  comparing  transitions  with  similar 
wavelengths  as  is  the  case  for  the  Fe  XVIII  transitions  of  interest  here. 
The  same  ratio  can  also  be  obtained  in  terms  of  the  measured  photon 
intensity,  I,  ratio  as 


iPeffd)  ^ 

■^^2)  - • 


(8) 


For  the  purpose  of  this  paper  we  use  equation  (8)  as  the  definition  of  the 
relative  effective  collision  strength.  Thus,  we  may  use  the  measured 

O 

Fe  XVIII  photon  intensities  relative  to  the  14.200A  Fe  XVIII  transition  given 
in  Tables  1 and  2 to  calculate  directly  the  Fe  XVIII  effective  collision 

O 

strengths  relative  to  the  effective  collision  strength  for  the  14.200A 
transition. 
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d)  Interpretation  of  Effective  Collision  Strength  for  Fe  XVIIl 

The  interpretation  of  the  effective  collision  strength  for  an  ion  as 
complex  as  Fe  XVllI  is  not  as  simple  as  for  an  ion  in  which  the  coronal 
excitation  condition  applies  rigorously.  There  are  two  primary  reasons  for 
the  departure  from  this  straightforward  interpretation;  (1)  cascades  (very 

i 

probably)  play  an  important  role  in  populating  a number  of  important  levels  ' 

of  Fe  XVlll,  and  (2)  Fe  XVlll  has  two  ground  state  levels  (^^*3/2  ^^1/2  ” 

i 

see  Fig.  3)  both  of  which  can  serve  as  the  lower  level  in  radiative  | 

i 

transitions,  but  only  one  of  which  effectively  serves  as  the  lower  level  for 

i 

2 ' 
collisional  excitation  ( ^3^2^'  while  the  operative  definition  of  the 

relative  effective  collision  strength  (Equation  8)  in  terms  of  the  observed 

I 

radiation  from  a given  transition  will  yield  the  appropriate  relative  1 

intensity  ratio  for  a hot,  optically  thin  astrophysical  or  laboratory  plasma, 

it  will  not  necessarily  provide  accurate  results  if  the  relative  collision  i 

i 

strengths  are  used  for  collisonal  excitation  calculations.  The  lack  of  | 

accuracy,  for  various  transitions,  will  vary  directly  with  the  importance  of  ^ | 

. 

the  two  conditions  given  above  relative  to  that  of  the  coronal  excitation 
condition. 

Although  no  calculations  have  been  performed  to  date,  it  is  antici- 
pated that  cascades  will  play  a significant  role  in  populating  a number  of 
important  levels  in  Fe  XVlll.  This  conclusion  is  reached  by  analogy  with 
the  situation  for  Fe  XVll  where  detailed  calculation  have  been  performed 
theoretically  and  a comparison  has  been  made  with  experimental  results 
(Loulergue  and  Nussbaumer,  1975).  In  Fe  XVll  the  strongest  effect  of 
cascades  is  on  the  3s  states.  For  this  ion  only  a few  percent  of  the 
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population  of  the  3s  levels  arises  from  coUisional  excitation  directly  from 
the  ground  state.  The  majority  of  the  3s  level  population  arises  from 


cascades  from  3p  levels,  many  of  which  are  populated,  in  turn,  by  cascade  I 

from  the  3d  levels.  A similar  set  of  3p  levels  exist  in  Fe  XVIll.  States  in  j 

i 

v'hich  a 2s  electron,  rather  than  a 2p  electron,  is  excited  can  also  lead  to  | 

cascades  to  the  2p^3d,  3p  and  3s  levels  in  Fe  XVlll.  In  view  of  these  results  | 

'or  ?e  XVII,  it  seems  reasonable  that  these  same  mechanisms  may  operate  | 

for  Fe  XVlll  to  some  degree.  To  the  extent  that  they  do  operate,  the 
usefulness  of  the  relative  effective  collision  strengths,  inferred  from  ] 

radiative  intensities,  for  collisional  excitation  calculations  is  diminished.  It  | 

is  anticipated,  by  analogy  with  Fe  XVII,  that  the  effect  will  be  greatest  for  1 

the  3s  states.  Some  evidence  for  that  view  is  presented  in_^  IV  f.  The 
cascade  effect  may  also  affect  the  3p  states,  but  its  importance  cannot  be 
properly  assessed  at  this  time. 

Another  difficulty  for  Fe  XVIII  is  the  presence  of  two  ground  state 

n A c o O 

levels,  the  Is  2s  2p  P3/2  ^1/2  transitions 

from  upper  levels  to  both  ground  state  levels  occur  (see  Tables  1 and  2)  and 

thus  equation  (8)  may  be  used  to  infer  an  effective  collision  strength 

(relative  to  the  14.2A  transition  effective  collision  strength)  for  a 

2 

transition  having  a ground  state  level  ^^12'  ^^owever,  the  excitation 

which  gave  rise  to  this  transition  in  all  probability  did  not  arise  from  this 

2 

ground  state  level  but  rather  from  the  ^ound  state  level.  This  may 
be  easily  demonstrated  by  approximating  the  situation  by  assuming  the  two 
ground  levels  form  a two-level  ion  and  calculating  the  relative  populations 
of  the  two  levels.  The  necessary  collision  strength  may  be  accurately 
extrapolated  from  data  presented  by  Blaha  (1969)  and  the  magnetic  dipole 
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transition  probability  for  the  transition  obtained,  e.g.,  from  Petrosian 

(1970)  or  Kastner  (1976).  If  a temperature  of  ~ 5 x 10®K  is  assumed  (the 

"1/2 

variation  with  T goes  only  as  T ' ),  the  electron  density  must  exceed 
12  -3 

10  cm  before  even  one  percent  of  the  ground  state  ions  populate  the 
2 

**1/2  effective  collision  strength  ratios  for  transitions 

2 

involving  the  ground  level  have  meaning  only  for  calculating 

2 

radiative  intensity  ratios,  and  not  for  collisional  excitation  from  that 
state. 


e)  Modified  Bethe  Approximation 


Although  no  detailed  calculations  on  the  collisional  excitation  of 
Fe  XVlIl  have  been  carried  out  an  approximation,  which  is  often  used, 
relates  the  collision  strength  to  the  oscillator  strength.  This  is  the  Bethe 
approximation  modified  by  use  of  the  averaged  Gaunt  factor,  g,  as  intro- 
duced by  Seaton  (1962)  and  Van  Regemorter  (1962).  This  approximation  is 
only  valid  for  allowed  transitions  and  at  high  energies,  where  the  short- 
range  interaction  between  the  perturbing  electron  and  the  atomic  electron 
may  be  neglected.  Although  this  modified  Bethe  approximation  has  been 
extensively  used  in  astrophysics,  straightforward  application  of  the  g 
empirical  formula  may  give  considerable  error  for  cross  section  determina- 
tions (Bely  and  Van  Regemorter  1970). 

The  approximation  may  be  written  as 


kIZL  I B.. 

_ Wj  H ji  , 


"eff 


(9) 
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where  g-j  is  the  averaged  Gaunt  factor,  Ajj  is  the  wavelength  of  the 
transition,  h and  c have  their  usual  meaning,  f-j  is  the  oscillator  strength, 
is  the  Rydberg  and  the  other  parameters  have  been  defined  earlier  in 
this  paper.  Evaluating  the  constants  one  obtains, 

Ceff  “ 0.0159  ..ifygy  (lo: 

where  A ^ is  in  A.  Therefore  the  ratio  of  effective  collision  strengths  for 
two  transitions  1 and  2 is 


(11) 


It  is  assumed  the  averaged  Gaunt  factors  are  equal  for  the  two  transitions. 
This  assumption,  often  made,  must  be  used  since  no  calculations  of  the 
Gaunt  factor  exist  for  Fe  XVIIl.  Mewe  (1972)  has  presented  interpolation 
formulae  for  the  averaged  Gaunt  factors  for  several  isoelectronic 
sequences,  but  not  that  of  FI.  In  any  case  he  treats  only  excitation  to 
atomic  levels  without  taking  into  account  their  multiplet  structure. 

Thus,  relative  effective  collision  strengths  may  be  approximated  by 
use  of  equation  (11)  if  the  oscillator  strengths  for  the  transitions  of  interest 
are  known. 

f)  Results  for  the  Relative  Effective  Collision  Strengths 

The  effective  collision  strengths  for  the  Fe  XVIIl  transitions 
measured  by  the  OVl-17  spectrometer  relative  to  the  effective  collision 


i 


i 

I 


3 
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strength  for  the  strong  Fe  XVIII  line  at  14. 2A  may  be  obtained  directly  by 
using  equation  (8)  and  the  listed  intensity  ratios  of  the  transitions  given  in 
Tables  1 and  2.  The  results  are  given  in  Tables  3 and  4 for  the  2p-3d  and 
2p-3s  transitions,  respectively.  The  values  with  the  asterisks  are  those  line 
blends  for  which  the  collision  strengths  had  to  be  weighted  because  of  an 
admixture  of  the  two  ground  state  levels  in  the  blend.  This  is  discussed  in 
the  next  sub-section. 

We  have  attempted  to  compare  these  experimentally  obtained 
results  with  calculations  based  on  the  modified  Bethe  approximation  by 
using  equation  (11).  In  order  to  carry  out  this  calculation  the  oscillator 
strengths  and  branching  ratios,  which  can  be  derived  from  the  oscillator 
strengths,  are  required.  Dr.  R.  D.  Cowan  has  previously  calculated  the 
(unpublished)  required  oscillator  strengths  for  Fe  XVIII  using  Hartree-Fock 
wave  functions  in  a manner  similar  to  his  earlier  calculations  (Cowan  1967, 
1968)  for  use  in  the  paper  by  Feldman  et  (1973).  Dr.  Feldman  has 
kindly  made  these  calculations  available  to  us.  Using  Cowan's  oscillator 
strengths  and  the  transition  designations  of  Feldman  et  al.  (1973)  we  have 
calculated  the  relative  collision  strengths  for  both  the  2p-3d  and  2p-3s 
transitions.  The  results  are  shown  in  the  last  column  of  Table  3 and  4, 
respectively. 

Examination  of  Table  4 shows  that  all  values  of  the  collision 
strength  ratios  calculated  by  the  Bethe  approximation  are  substantially 
below  their  measured  values.  We  believe  this  is  strong  evidence  to  indicate 
that  the  role  of  cascades  from  the  3p  levels  to  the  3s  levels  is  as  important 
in  Fe  XVIII  as  in  Fe  XVII.  If  this  is  indeed  the  case  a meaningful 
comparison  between  the  two  sets  of  values  cannot  be  made. 
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TABLE  3 

Fe]SSin  2p  3d  Effective  Collision  Strength  Ratios 


0V117 

Wavelength  lAl 

Feldman  et  al.  (19731 
Wavelength  lA) 

Transition 

0V117  . 

Calculated' - 
a (Xl/Q  (14.2AI 
eff.  eff 

13.919 

j 

13.943 

I 13.954 

* 0.20 

0.06 

14.118 

14.121 

^P^,2-l’si3d  ^03,2 

0.04 

0.45 

14.151 

14.150 

0.10 

0.03 

14.200 

14.200 

1.00 

1.00 

14.254 

14.255 

^P3,2-l'o)3d  ^S^,2 

0.36 

0.21 

14.368 

14.361 

^P^,2-<^DI3d^D3^2 

0.22 

0.73 

14.373 

14.422 

14.419 

^P^,2-<’oI3‘*  ^^3/2 

i 

0.20* 

0.04 

14.419 

14.474 

14.467 

^P^,2-I^D)3d  ^S^,2 

0.06  * 

0.01 

14.485 

14.541  j 

14.536 

14.551 

] 

0.40 

0.38 

14.589 

14.581 

2p3,2-*l3d‘p„; 

0.13 

0.05 

14.660 

14.666 

2p,,^-|3pl3d  203,2 

0.08 

— 

14.761 

14.772 

2p„2-|2pi3dV3,2 

0.06 

<0.01 

* Blend  with  mixed  ground  level 
t Bethe  Approximation 
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TABLE  4 

FeJ(VllI2p-3s  Effective  Collision  Strength  Ratios 


OV1 17 
Wavelength 

o 

(Al 


Feldman  et  al.  119731 
Wavelength 
(Al 


0V117 


Calculated  t 


, ..  ft  IXl/fl  I14.2AU  IXto  (14.2AI 

Transition  eff.  eff.  eff.  eff. 


Blended 

15.258 

^p3,2-I^SI3s 

- 

<0.01 

Blended 

15.491 

^P^^2-<^SI3s^S^,2 

- 

0.01 

15.622 

15.623 

0.47 

0.06 

15.763 

15.764 

^P3/2-(^P)3s  ^P^,2 

0.12 

0.01 

15.830 

15.826 

^P  -(^P)3s  ^P 
^3/2  ’ 3/2 

0.34 

0.02 

15.866 

15.869 

^P^,2-<^DI3s  ^03/2 

0.15 

0.05 

Blended 

16.003 

16.024 

%2-*'3sV3,2 

• 

0.08 

' 16.073 

-i^pn<?^p  'i 

^3/2  ' ^5/2 

16.078 

16.087 

. 1.14* 

<0.01 

. 16.109 

J 

16.277 

16.270 

0.07 

<0.01 

’Blend  with  mixed  ground  level 
tBeihe  Approximation 
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For  the  2p-3<j  transitions  (Table  3),  even  for  the  stronger  lines,  the 
agreement  is  generally  not  too  good  with  differences  between  the  Bethe- 
approximation  calculation  and  the  measured  ratios  being  up  to  a factor  of 
three.  For  some  of  the  weaker  lines  the  difference  is  even  larger.  The 

O 

worst  case  is  for  our  weak  14.118A  line  where  the  measured  ratio  is  ‘^10 
times  smaller  than  the  theoretical  prediction.  For  this  case,  as  has  been 
done  for  all  the  other  lines  if  possible,  we  have  checked  other  available 
data  for  the  relative  line  strengths  and  find  general  agreement  with  our 
measured  values  as  opposed  to  the  Bethe-approximation  calculations. 

We  have  used  the  visually  estimated  (from  film)  Fe  XVlll  relative 
line  strengths  as  qualitatively  presented  by  Feldman  et  al.  (1973)  to  discern 
strong  from  weak  lines  in  their  plasma,  the  conditions  of  which  may  have 
differed  considerably  from  those  in  the  solar  corona  at  the  time  of  our 
measurements.  Qualitatively  our  results  agree  with  theirs.  Hutcheon,  Pye 
and  Evans  (1976)  have  published  a high  resolution  X-ray  spectrum  of  the 
corona,  also  taken  about  1 hour  after  a small  flare.  Unfortunately  they 
have  only  provided  the  intensity  ratios  of  a number  of  Fe  XVII  lines.  Their 
spectra  are  quite  similar  to  ours  for  the  time  period  from  1442  to  1458  UT 
on  1969  March  21.  Therefore,  we  have  used  their  spectra  as  shown,  and 
also  information  provided  in  their  paper  concerning  the  efficiency  of  their 
Bragg  spectrometer,  to  make  estimates  of  the  relative  intensities  of  those 
Fe  XVIIl  2p-3d  lines  we  could  easily  observe  in  their  spectra.  The  semi- 
quantitative  results  we  obtain  are  in  excellent  agreement  with  our  relative 
intensities  for  the  2p-3d  transitions.  We  therefore  conclude  this  is  further 
evidence  that  our  measured  line  intensities,  on  which  the  experimental 


1 

i 
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relative  effective  collision  strengths  are  based,  are  correct  and  any 
disagreements  with  calculations  based  on  the  modified  Bethe  approximation 
result  from  one  or  more  of  three  potential  difficulties. 

The  first  possible  reason  for  the  disagreement  between  calculated 
and  measured  2p-3d  relative  collision  strengths  may  be  the  influence  of 
cascades  on  the  3d  levels.  Although  the  effect  should  be  smaller  than  on 
the  2p-3s  transitions  of  Fe  XVIII,  Table  4 dramatically  illustrates  the 
effects  of  cascades  for  2p-3s  transitions.  Until  detailed  calculations  are 
performed,  the  influence  of  cascades  on  the  3d  levels  of  Fe  XVIII  cannot  be 
properly  assessed. 

The  second  and  third  potential  reasons  for  the  discrepancy  between 
the  measured  and  calculated  values  in  Table  3 have  to  do  with  the  modified 
Bethe  approximation.  As  mentioned  earlier,  the  approximation  is  only  valid 
at  "high"  incident  electron  energies,  where  short-range  forces  can  be 
neglected.  The  temperature  in  the  coronal  plasma  may  not  be  high  enough 
to  make  this  approximation  valid.  Additionally,  it  was  necessary  to  assume 
that  the  ^ were  equal  for  all  transitions.  Variations  of  g from  its  usual 
assumed  value  of  ~ 0.2  of  a factor  of  two  or  three  are  observed  (see,  e.g., 
Mewe  1972)  and  may  also  account  for  some  of  the  discrepancies  in  Table  3. 

g)  Potential  Problems  with  Line  Blen<te 

The  possibilities  of  blended  lines  add  a further  degree  of  complica- 
tion to  the  analysis  of  the  already  complex  Fe  XVIII  analysis.  A first,  and 
relatively  minor,  problem  was  mentioned  in  the  last  sub-section.  In  Tables 
3 and  4,  three  line  blends  (14.422A,  14.474A,  16.078A)  have  admixtures  of 
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the  two  ground  state  levels  ( **3/2*  **1/2^  their  lower  level.  Therefore, 


the  application  of  equation  (8)  is  not  straightforward  since  a value  must  be 
assigned  for  the  statistical  weight  of  the  lower  level  of  the  transition.  For 

these  three  cases  we  have  weighted  the  contribution  to  each  blend  by  the  I 

i 

value  the  theory,  based  on  the  Bethe  approximation,  would  give  to  each.  j 

This  approximation  may  be  somewhat  valid  for  the  2p-3d  transitions,  but  i 

i 

should  not  be  expected  to  be  as  good  for  the  2p-3s  transitions  because  of  j 

the  cascading  effects  from  the  3p  levels,  discussed  above,  which  it  is  not 

possible  to  take  into  account  properly  in  this  procedure.  However,  the 

maximum  error  introduced  by  this  uncertainty  is  a factor  of  2,  the  ratio  of 

the  statistical  weights  of  the  two  ground  state  levels. 

A potentially  more  important  problem  occurs  because  of  the 
possibility  of  other  Fe  XVIII  transitions  lying  sufficiently  close  in  wave- 
length to  observed  Fe  XVIII  lines  to  form  unresolved  blends.  Feldman  et  al.  ^ 

(1973)  discuss  this  possibility  in  their  work  on  the  fluorine  isoelectronic 
sequence.  They  find  that  this  difficulty  may  exist  for  three  Fe  XVIII 
excited  levels  which  have  the  2p^(^D)  3d  configuration;  the  three  potential 
pairs  of  "blended"  levels  are  the  ^^3/2^'  ^^^3/2’  ^^1/2^’ 

( Sj^2»  ^5/2^  where  the  first  level  of  each  pair  is  the  designation  used  by 
Feldman  et  al.  (1973)  in  our  Tables  1 and  3.  The  theoretical  wavelength 
calculations  of  Feldman  et  al.  (1973)  cannot  distinguish  between  the 
possibility  of  a single  level  or  two  levels.  Their  laboratory  observations 
cannot  distinguish  between  these  possibilities  in  the  fluorine  isoelectronic 
sequence  beyond  about  S VIII  for  the  first  two  pairs  of  levels  and  beyond 
about  Sc  XIII  for  the  third  pair  of  levels.  For  lower  members  of  the 
isoelectronic  sequence  both  levels  give  rise  to  individual  observable  lines. 
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The  effect  of  including  the  three  additional  Fe  XVIIl  levels  gives  rise 
to  the  possibility  of  five  blended  lines,  those  at  14.200A  and  14.419A  for 
the  first  pair  of  levels,  those  at  14.150A  and  14.361A  for  the  second  pair  of 
levels,  and  that  at  14.255A  for  the  third  pair  of  levels.  (We  have  used 
Feldman  et  al.’s  (1973)  wavelengths.)  The  possibility  of  blends  with  the  line 
at  14.419A  have  already  been  included  in  Tables  1 and  3 (and  in  the 
calculation  of  relative  collision  strength  in  Table  3).  The  line  arising  from 
the  (^D)3d  level  at  14.419A  contributes  slightly  less  than  1/2  of  the 

calculated  relative  collision  strength  (which  is  too  low  by  a factor  of  5)  of 


the  line  we  observe  at  14.422A.  Thus  its  existence  or  nonexistence  cannot 

reconcile  this  particular  calculation  with  the  observation.  The  first 

possible  blend  listed  above  is  the  most  important  ( 05^2*  ^3/2^  since  we 
2 ° 

have  ased  the  ^^12  14.200A  to  normalize  all  other  collision 

2 

strengths.  The  presence  of  the  ^^12  transition  , with  an  intensity  given  by 
the  Bethe  approximation  and  Cowan's  oscillator  strength,  has  the  effect  of 


increasing  the  collision  strength  for  the  14.200  A line  by  about  50%.  If  this 
were  the  only  "blended"  transition,  it  would  uniformly  decrease  all  of  the 
other  2p-3d  and  2p-3s  relative  collision  strengths  by  a factor  of  1.5.  While 
obviously  changing  the  results  of  a comparison  of  the  Bethe  calculation  and 
observations,  it  would  not  result  in  overall  better  agreement  between  them. 


Furthermore,  there  is  no  reason  to  expect  only  one  "blended"  level 
will  be  significantly  populated  without  the  other  possible  "blended"  levels 
being  populated.  We  have  therefore  carried  out  a calculation  assuming  all 
levels  that  may  exist  will  be  populated  according  to  Bethe  approximation. 
Again,  the  net  result  is  the  same.  Although  individual  lines  change  the 
ratios  of  the  calculated  to  observed  relative  collision  strengths,  the  overall 
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agreement  is  not  improved  by  these  procedures.  Therefore,  we  believe, 
even  with  the  inclusion  of  other  potential  Fe  XVIII  levels  which  could  give 
rise  to  additional  "blended”  lines,  the  agreement  between  the  calculated 
relative  collision  strengths  using  Cowan's  oscillator  strengths  and  the 
modified  Bethe  approximation,  and  the  observed  collision  strengths  is  not 
improved.  Presumably  the  discrepancy  results  for  the  reasons  given  in  the 
last  sub-section.  At  the  present  time  we  endorse  Feldman  et  ah's  (1973) 
designations  for  the  various  transitions,  which  are  based  on  a study  of  the 
entire  isoelectronic  sequence,  until  evidence  that  the  other  potential 
"blended"  2p^  (^D)  3d  levels  are  of  importance  is  produced. 

h)  Comparison  with  a Previous  Analysis  of  Fe  XVlll 

Before  leaving  the  subject  of  collision  strengths  it  should  be  pointed 
out  that  Parkinson  (1975)  has  analyzed  six  Fe  XVIII  lines  observed  in  his 
high  resolution  X-ray  spectra  taken  from  a rocket.  His  strongest  Fe  XVIII 

O 

line  (14.2A)  had  but  60  counts,  his  weakest  12,  and  the  four  remaining  lines 
24  counts  each,  after  background  subtraction.  Consequently,  the  accuracy 
of  the  line  intensities  and  the  collision  strengths  derived  by  Parkinson  are 
limited  by  the  relatively  poor  statistics.  Parkinson  (1975)  uses  equations 
essentially  similar  to  our  equations  (1)  and  (10)  to  evaluate  the  oscillator 
strength  for  his  observed  transitions;  however,  he  neglects  the  branching 
ratio,  Bj.,  in  his  formulation.  (He  also  adopts  Tucker  and  Keren's  (1971) 
nonstandard  usage  of  the  definition  of  the  collision  strength  incorporating 
the  statistical  weight  factor.)  In  Parkinson's  (1975)  Table  X he  presents  his 
inferred  oscillator  strengths  for  Fe  XVIII  which  are  all  a factor  of  ~ 100 
smaller  than  would  be  estimated  from  the  analogy  with  Fe  XVII  as  w 11  as 
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i from  Cowan's  calculations  (which  were  not  available  to  Parkinson). 

f 

'■  Therefore  we  have  redone  his  Fe  XVllI  calculation  using  only  information 

presented  in  his  paper  for  abundances,  ionization  equilibria,  differential 
emission  measure  and  line  intensities.  With  this  information  we  have 

t attempted  to  rederive  his  values  of  the  Fe  XVlIl  oscillator  strengths.  We 

find  values  almost  exactly  a factor  of  100  higher  than  those  given  by 
Parkinson.  In  order  to  check  our  calculation,  we  performed  a similar 
calculation,  again  using  only  Parkinson's  data  and  assumptions,  for  his 
15.01  A line  of  Fe  XVII  and  obtained  a result  that  agreed  with  his  to  within 
£20%.  'rherefore,  we  assume  an  error  in  arithmetic  by  a factor  of  100  was 
i made  by  Parkinson,  and  to  obtain  values  properly  reflecting  his  analysis 

both  the  deduced  values  of  his  oscillator  strengths  and  collision  strengths 
for  Fe  XVIII  (only)  should  be  multiplied  by  a factor  of  100.  Taking  into 
account  the  limitations  in  statistical  accuracy  of  Parkinson's  intensity 
ratios  for  the  six  Fe  XVIII  lines  he  observed,  these  ratios  are  in  agreement 
with  ours  listed  in  Tables  1 and  2. 


V.  Fe  XVIII  AND  Fe  XVll  RELATIVE  X-RAY  INTENSITIES 


Fe  XVII  X-radiation  between  13.5  and  17. 5A  represents  the  largest 
energy  flux  emanating  from  the  solar  corona  for  any  ion  in  this  wavelength 
range.  This  wavelength  range  is  important  because  many  solar  X-ray 
measurements,  some  with  relatively  poor  spectral  resolution,  have  obtained 
data  in  this  spectra  region.  For  example,  both  the  S-054  (Krieger  1976)  and 
S-056  (McKenzie,  private  communication)  X-ray  telescopes  flown  on  Skylab 
had  at  least  one  filter  position  in  which  one  or  more  of  the  Fe  XVII  X-ray 
lines  accounted  (by  calculation)  for  > 20%  of  the  energy  deposited  on  their 
film  recording  the  solar  image  in  X-rays  at  coronal  temperatures  often 
found  in  active  regions.  Fortunately,  with  recent  theoretical  (Loulergue 
€md  Nussbaumer  1975)  and  experimental  (Walker,  Ruggeyand  Weiss  1974a, 
Parkinson  1975,  Hutcheon,  Pye,  and  Evans  1976)  work  a proper  assessment 
of  the  amount  of  energy  emitted  by  the  Fe  XVII  ion  can  be  made  for 
essentially  any  optically  thin  astrophysical  plasma.  As  has  been  stated 
earlier  in  this  paper,  this  is  not  the  situation  in  any  sense  for  Fe  XVIII.  No 
detailed  theoretical  work  has  been  carried  out  to  date  on  Fe  XVIII  fluxes 
and  this  paper  is  the  first  experimental  work  to  present  a relatively 
accurate  and  detailed  examination  of  Fe  XVIII  X-radiation  from  the  corona. 
For  this  reason  we  will  compare  the  relative  energy  flux  of  the  total 
Fe  XVII  and  Fe  XVIII  X-ray  emission  from  the  solar  corona.  Relatively 

o 

little  X-ray  flux  is  emitted  by  either  ion  outside  the  13  to  17. 5A  region, 
compared  to  the  energy  emitted  within  this  wavelength  region. 
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tVe  have  used  eight  spectral  scans,  taken  over  the  two  day  period 
1969  March  20  and  21,  to  obtain  the  energy  ratio  of  the  Fe  XVIII  flux 
relative  to  both  the  strongest  Fe  XVII  transition  at  15.01  A (2p-3d^P^)  and 
to  the  total  Fe  XVII  flux  in  the  13  to  17. 5A  wavelength  interval.  These 
data,  along  with  other  related  data,  are  presented  in  Table  5.  A variety  of 
solar  conditions  prevailed  during  the  individual  scans  as  can  be  seen  from 
intensity  of  the  Fe  XVllI  line  at  14. 2A  (in  counts)  and  the  Fe  XVlll  (14.2A) 

O 

to  Fe  XVII  (15.01  A)  energy  flux  ratios.  As  has  been  mentioned  before,  the 
four  consecutive  spectra  taken  beginning  about  1442  UT  on  1969  March  21 
followed  a class  IB  flare  which  occurred  ~ 1330  UT.  Thus,  the  change  in 
the  "spectral  hardness"  of  the  spectra  can  be  determined  as  a function  of 
time  after  the  flare  from  the  data  presented  in  the  table. 

f 

I 

i As  can  be  seen  from  the  fourth  and  fifth  columns  of  Table  5,  a non- 

r 

negligible  amount  of  X-radiation  may  originate  from  Fe  XVllI  ions, 
especially  during  and  after  flares  as  well  as  from  "hot"  active  regions. 
Thus,  an  accurate  estimate  of  Fe  XVIII  X-radiation  produced  by  hot, 
optically  thin  astrophysical  plasmas  is  essential  to  precise  calculations  of 
energy  loss  and  spectral  output  of  such  plasmas  as  well  as  to  the 
interpretation  of  broad-band  or  low  resolution  X-ray  pictures  of  the  sun. 

r 

f 

I 

i 


TABLE  5 

Comparison  of  Pr  xVIII  and  Fr  XVIT  Intensities 


Date 

(1969) 

FeMr(14.2A) 
Intensity  (Counts) 

E (14.2A) 
E(15.01A) 

E (FeM) 
E(15.01A) 

E(Fem) 

E(Fe32n) 

20  March 

0528  U.T. 

44 

0.04 

0.23 

0.06 

0615  U.T. 

131 

0.09 

0.56 

0.15 

21  March 

0419  U.T. 

342 

0.14 

0.82 

0.22 

0423  U.T. 

365 

0.13 

0.77 

0.20 

1442  U.T. 

612 

0.24 

1.4 

0.38 

1446  U.T. 

639 

0.21 

1.2 

0.32 

1450  U.T. 

546 

0.17 

1.0 

0.26 

1454  U.T. 

307 

0.15 

0.90 

0.23 

I I 
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VI.  SUMMARY  AND  DISCUSSION 


In  this  paper  we  have  presented  the  first  accurate  and  comprehen- 
sive measurements  of  the  wavelengths  and  relative  intensities  of  the 
strongest  X-ray  lines  of  Fe  XVIII  emitted  by  the  solar  corona.  The  Fe  XVllI 
data  were  obtained  from  eight  relatively  high  resolution  X-ray  spectra  of 
the  sun  taken  from  a Bragg  crystal  spectrometer  flown  on  the  OVl-17 
satellite  on  1969  March  20  and  21.  We  have  definitely  identified  eighteen 
Fe  XVIlI  coronal  lines  or  line  blends  and  compared  their  wavelengths  with 
the  best  available  values  obtained  from  measurements  of  hot  lal)oratory 
plasmas.  The  agreement  between  the  solar  and  laboratory  wavelengths  is  I 

excellent.  We  have  used  the  measured  Fe  XVIII  relative  intensities  to  \ 

deduce  the  relative  effective  collisions  strengtiis  for  this  ion  and 
essentially  all  of  the  higher  z members  of  the  fluorine  isoelectronic 
sequence  since  z Q ^ constant  for  the  higher  z values  along  an 
isoelectronic  sequence.  The  use  of  these  deduced  relative  collision 
strengths  in  collisional  excitation  calculations  was  mentioned  and  the 
potential  complicating  effects  of  cascade  processes  were  discussed  in 
detail. 

The  OVl-17  deduced  relative  collision  strengths  were  compared  to 
calculations  of  the  same  quantities  using  the  modified  Bethe  approxima- 
tion. In  all  cases  the  2p-3s  calculated  collision  strength  ratios  were 
significantly  smaller  than  the  values  obtained  from  the  OVl-17  satellite 

Fe  XVIII  line  intensity  measurements.  We  concluded  this  was  evidence  for  | 

I 

the  existence  of  strong  cascading  effects  from  the  3p  to  the  3s  levels  in  | 

Fe  XVIII.  While  agreement  between  the  Bethe  approximation  calculations  I 
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and  the  OVl-17  relative  collision  strengths  was  better  for  the  2p-3d 

transitions  than  for  the  2p-3s,  it  was  not  nearly  as  good  as  the  accuracy  we  ^ 

believe  is  inherent  in  Cowan's  calculated  oscillator  strengths.  Reasons  for 

this  discrepcmcy  were  presented  as  were  potential  complications  to  the 

analysis  from  line  blends.  It  was  concluded  that  potential  line  blending 

could  not  remove  the  discrepancy  between  the  calculated  values  and  the 

values  deduced  from  the  OVl-17  X-ray  spectra. 

All  eight  X-ray  spectra  were  used  to  compare  the  X-ray  energy  flux 

i 

of  the  corona  in  Fe  XVIII  to  that  in  Fe  XVII  for  a variety  of  solar 
conditions.  It  was  concluded  that  Fe  XVIII  X-radiation  is  non-negligible 
compared  to  that  of  Fe  XVII,  especially  from  hot  active  regions  and,  pre- 
sumably, from  flares. 

In  the  work  presented  in  this  paper  we  have  used  only  relative  in-  j 

tensities  rather  than  absolute  intensites  for  the  Fe  XVIII  emission  lines. 

I There  are  several  important  reasons  for  this.  First,  the  relative  efficiency 

of  the  OVl-17  KAP  crystal  spectrometer,  over  a short  wavelength  region, 
is  substantially  better  known  than  the  absolute  efficiency.  However,  we 
believe  we  know  the  absolute  efficiency  to  within  a factor  of  two.  Second, 
in  order  to  derive  absolute  Fe  XVIII  line  intensities  the  differential 
^ emission  measure  function,  M(T)  (eqn.  (3)),  must  be  derived.  Craig  and 

I Brown  (1976)  have  shown  that  the  problem  of  determining  differential 

I emission  measure  is  ill-conditioned  and  may  not  lead  to  unique  solutions. 

The  third  problem,  for  Fe  ions  in  general,  is  with  the  G(T)  function  | 

I or,  more  precisely,  with  the  ionization  equilibrium  part  of  its  calculations,  | 

i.e.,  a^^  (see  eq.  2).  Until  very  recently  Jordan's  (1969,  1970)  calculations  | 
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of  have  been  almost  universally  used  in  coronal  calculations. 

Recently,  however,  Jacobs  et  (1977)  have  included  additional  autoioni- 
zation terms  in  a detailed  ionization  equilibrium  calculation  which  have  the 
major  effect  of  shifting  the  peak  of  the  ionization  equilibrium  curves  as 
calculated  by  Jordan  (1969,  1970)  toward  lower  temperatures  by 

~ 1.5  X 10®°K  for  Fe  XVIII.  Until  it  becomes  clear  which,  if  either,  of  the 
two  calculations  are  correct  for  Fe  ions,  it  appears  to  be  a thankless  task 
to  attempt  a proper  evaluation  of  the  absolute  intensities  of  our  Fe  XVllI 
(or  Fe  XVII)  line  intensities.  This  statement  probably  applies  equally  well 
to  other  recent  and  future  Fe  ion  line  measurements  in  the  X-ray  region. 

In  any  case,  we  believe  the  most  valuable  contribution  experimental 
measurements  can  make  to  the  understanding  of  Fe  XVIII  line  emission 
from  the  solar  corona  are  the  relative  intensities  of  these  lines,  given  in 
Tables  1 and  2.  It  was  precisely  these  observed  intensity  ratios,  for 
Fe  XVII,  that  led  to  a reassessment  of  the  theory  (Pottasch  1966)  and  the 
subsequent  theoretical  understanding  of  that  complex  ion  (Loulergue  and 
Nussbaumer  1975).  A similar  understanding  of  Fe  XVIII  awaits  the  difficult 
and  tedious  calculation  of  the  collision  strengths  similar  to  that  performed 
by  Loulergue  and  Nussbaumer  (1973)  for  Fe  XVII. 
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X.  POLAR  CAP  MEASUREMENTS  OF  SOLAR -FLARE 
PROTONS  WITH  ENERGIES  DOWN  TO  12.4  keV* 
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Solar  protons  with  energies  down  to  12.4  ke  / were  measured  over  the 
polar  caps  by  instruments  aboard  the  OVl-17  satellite.  The  observations 
were  made  following  the  21  March  1969  solar -particle  event.  The  polar-cap 
differential  fluxes  measured  by  OVl-17  and  Injun-5  from  0.012  MeV  to  1.1 
MeV  are  well  represented  by  a single  power  law.  Over  a 22  hour  period  the 
spectral  index  changed  from  1.7  to  1.9.  Temporal  and  spatial  comparisons 
were  made  with  data  from  the  E}q>lorer-35  and  Injun- 5 spacecraft.  Good 
agreement  is  found  at  energies  (>  300  keV)  where  a comparison  can  be  made. 


This  paper  has  also  been  published  as  TR-0073(3260-20)-5,  The  Aerospace 
Corporation,  El  Segundo,  California  (1  October  1972)  and  in  the  Journal  of 
Geophysical  Research  77,  4845-4850. 
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INTRODUCTION 


An  important  aspect  of  solar  cosmic  ray  research  has  been  the 
use  of  solar  particles  as  a test  probe  of  the  configuration  of  the  magne- 
tosphere and,  in  particular,  to  examine  the  access  of  such  particles  to 
low  altitudes  over  the  polar  caps.  This  work  has  been  reviewed  by 
Paulikas  et  al.  , (1970),  Lanzerotti,  (1972)  and  Burrows,  (1972). 

These  reviews  have  discussed  the  differences  in  the  general 
behavior  of  electrons  and  protons.  Proton  fluxes  commonly  show  lati- 
tudinal structure;  electron  fluxes  usually  do  not.  Quasi-trapped  solar 
electrons  generally  have  much  lower  intensities  than  the  polar-plateau 
intensities  whereas  protons  (slO  MeV)  show  similar  fluxes  in  both 
regions.  Time  delays  to  the  polar  caps  are  strongly  dependent  on  the 
particle  species  and  are  not  well  understood.  However,  these  compari- 
sons of  solar  particles  have  been  for  protons  with  E ^ 300  keV  and  elec- 
trons with  E < 2 MeV.  The  magnetic  rigidity  for  protons  at  these  energies 
are  much  larger  than  electrons  while  the  electrons  have  velocities  sub- 
stantially higher  than  the  protons.  These  large  differences  must  contri- 
bute to  the  variance  in  the  observations  of  particle  access  and  polar-cap 
structure. 

In  this  report  polar-cap  observations  from  the  OVl-17  satellite 
of  solar  protons  with  energies  down  to  12.  4 keV  are  presented.  We 
believe  this  to  be  the  lowest  energy  at  which  solar  protons  have  been 
observed  over  the  polar  cap.  From  higher-energy  measurements  from 
OVl-17,  it  was  possible  to  compare  proton  intensities  over  the  pole  with 
interplanetary  measurements  made  by  Explorer-35.  These  comparisons 
with  interplanetary  protons  (E  > 300  keV)  and  the  internal  consistency  of 
polar  data  (0.  012  MeV  < E £ 1. 1 MeV)  argue  for  the  solar  origin  of  the 
particle  fluxes. 
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SATELLITE  AND  INSTRUMENTATION 

The  OVl-17  (1969-025A)  satellite  was  launched  from  the  Western 
Test  Range  at  0747  UT  on  18  March  1969.  The  orbit  was  near-circular, 
with  an  apogee  of  468  km  and  a perigee  of  398  km.  The  inclination  was 
99  • with  the  orbital  plane  initially  near  the  noon-midnight  meridian.  It 
was  intended  that  the  OVl-17  be  gravity -gradient  stabilized;  however, 
the  satellite  was  tumbling  slowly  during  the  21  March  1969  solar-particle 
event.  On-board  magnetometers  and  sun  sensors  supplied  aspect  data 
and  thus  particle  pitch  angle. 

The  instruments  used  to  obtain  the  data  discussed  in  this  report 
included  a cylindrical  electrostatic  analyzer  (PESA)  and  an  array  of 
geiger  tubes  and  semi-conductor  detectors  (URCHIN).  The  PESA  mea- 
sured protons  in  twelve  contiguous,  differential  energy  channels.  The 
URCHIN  contained  three  Geiger-Mueller  tubes  (GM)  and  five  semi-con- 
ductors (SD)  mounted  in  an  orthogonal  array.  The  main  function  of  the 
URCHIN  instrument  was  the  measurement  of  10  keV  to  600  keV  electrons 
in  the  outer  radiation  zone  and  auroral  regions.  However,  when  electron 
intensities  were  low,  the  URCHIN  provided  proton  fluxes  from  200  keV  to 
700  keV. 

The  mounting  of  the  PESA  and  URCHIN  on  the  satellite  was  such 
that  the  look  direction  of  the  PESA  was  centered  upon  the  nominal  zenith; 
while  the  URCHIN  look  directions  were  centered  upon  the  nominal  zenith, 
nadir  and  the  normal  to  the  orbital  plane.  Table  1 lists  instrument 
parameters  relevant  to  this  report.  A more  complete  description  of  the 
instrumental  parameters  for  both  Explorer-3  5 and  Injun- 5 can  be  found  in 
Van  Allen  et  al.  (1971). 

A brief  discussion  of  the  pertinent  data  reduction  procedures 

follow  s : 
a)  PESA 

The  largest  source  of  uncertainty  in  the  PESA  analysis  arises 
from  the  low  count-rates  during  this  event  and  a low  relatively  constant 
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Table  1.  Description  of  Particle  Instruments  on  the  OVl-l?  Satellite^ 


INSTRUMENT  SENSOR 

PARTICLE  ENERGY 

FIELD  OF  VIEW  GEOMETRIC  FACTOR 

PESA 

12.4  <Ep<  185  keV 

T X 9*  (FWHM ) 0.0047  cm^  - ster  ^ 

12  CHANNELS 

t 

URCHIN  GM 

Ep>235  keV  ] 
Ee>  lOkeV  J 

► 

10*  HALF  ANGLE  0.0047  cm^  - ster 

SDl  -1 

Ep>2l2  keV  ' 
Eg  > 100  keV 

► 

10*  HALF  ANGLE  0.047  cm^- sfer 

-2 

Ep>3l0  keV 

Eg  > 200  keV  ^ 

SD2-1 

Ep  > 425  keV  ' 
Eg  > 300  keV 

► 

10*  HALF  ANGLE  0.047  cm^  - ster 

-2 

Ep>675  keV 

Eg  > 600  keV  ^ 

ZENITH  4 

* M (Eo)  = COUNT  RATE  (0.0047- 
oE  ^ 

Eo>‘' 

, SdK 

S02 

isn?  ^ 

SOiL^ 

Where 

- 26  % (FWHM) 

\^M , say 

u 

1 \ URCHIN 

M ARRAY 

NADIR! 

J 


^PESA  measures  12.4  to  185  keV  protons  in  12 -contiguous  differential 
channels  every  32  seconds.  URCHIN  contains  an  array  of  geiger  tubes 
(GM)  and  semi-conductor  detectors  (SD)  schematically  shown  in  lower 
right  corner.  GM,  SDl  and  SD2  thresholds  are  listed  for  both  electrons 
and  protons.  SDl  and  SD2  switches  from  high  to  low  energy  thresholds 
every  4 seconds. 
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background.  The  background  was  largest  when  the  spacecraft  was 
illuminated  by  the  sun  and  approached  30%  of  the  total  count- rate  in  the 
highest  energy  channels.  Average  background  rates  for  each  channel 
were  determined  by  examining  the  polar-cap  data  before  the  onset  of 
the  21  March  1969  event  and  appropriate  subtractions  were  made  on  the 
PESA  measurements  presented  here. 

b)  URCHIN 

Differential  proton  fluxes  from  200  keV  to  700  keV  were  obtained 
by  fitting  a power-law  function  to  the  four  integral  channels  at  212  keV, 

310  keV,  425  keV  and  675  keV.  Individual  outputs  were  averaged  over 
16-second  intervals  and  then  summed  over  the  same  time  intervals  as 
the  PESA  data.  In  all  cases,  the  resulting  power-law  fit  was  within  one 
standard  deviation  of  each  data  point.  The  final  absolute  values  were 
obtained  by  evaluating  the  function  at  250  keV  and  500  keV.  As  an 
additional  check,  the  highest  and  lowest  energy  channels  were  used  to 
obtain  a differential  intensity  which  was  in  excellent  agreement  with  the 

power-law  fit.  1 

i 

The  absence  of  significant  electron  contamination  was  determined  j 

by  examining  the  known  polar-cap  electron  fluxes  measured  during  this  [ 

I 

event  aboard  the  OVl-19  satellite  (A.  L.  Vampola,  private  communication)  | 

and  computing  the  URCHIN  response  to  such  fluxes.  1 


RESULTS 


A direct  comparison  was  made  of  the  polar-cap  intensities  mea- 
sured by  OVl-17with  the  interplanetary  intensities  observed  by 
Explorer-35  for  proton  energies  above  300  keV  and  is  given  in  Table  2. 

At  the  time  of  the  21  March  1969  solar  particle  event,  Explorer-35  was 
located  well  outside  the  magnetosphere  in  the  noon-dusk  sector.  The 
data  from  Explorer -35  are  a 30-minute  average  over  all  pitch  angles. 

The  OVl-17  data  are  averaged  over  pitch  angles  outside  the  loss  cone 
for  invariant  latitudes  greater  than  78°.  It  is  not  the  purpose  of  this 
table  to  make  quantitative  comparisons,  but  only  to  show  the  similarity 
between  interplanetary  and  low-altitude  measurements  in  the  energy 
range  where  a comparison  can  be  made. 

Interplanetary  protons  were  first  observed  above  threshold  by 
Explorer-35  on  21  March  at  0800  UT.  The  flux  was  increasing  approxi- 
mately 40%/hour  at  1500  UT  when  the  first  OVl-17  polar-cap  data  were 
acquired.  The  comparison  of  the  South  Polar  flux  measured  at  1530  UT 
with  the  North  Polar  flux  at  1500  UT  showed  an  increase  commeasurate 
with  the  interplanetary  observations  of  Explorer-35.  On  22  March  the 
interplanetary  intensity  decreased  by  *25%  during  the  two  hour  period 
centered  on  the  OVl-17  polar  traverse.  On  23  March  the  variation  was 
less  than  15%. 

Polar  profiles  of  proton  count-rates  vs.  invariant  latitude  are  shown 
in  Figure  1.  Intensities  are  plotted  for  protons  from  12  keV  to  > 700  keV. 
The  top  two  profiles  are  for  the  differential  proton  channels  (PESA) 
centered  at  12.4  keV  and  90  keV  and  represent  2-second  averages  taken 
every  32  seconds.  Representative  statistical  errors  are  indicated.  The 
next  two  profiles  are  16-second  averages  of  the  proton  channels  greater 
than  212  keV  and  675  keV  (SDl  and  SD2).  The  bottom  curve  gives  the  proton 
intensity  above  2 35  keV  (GM).  Note  that  the  GM  counting  rate  is  approxi- 
mately 10%  of  that  of  SDl  (E  > 212  keV)  as  would  be  expected  based  upon 
the  relative  geometric  factors  (Table  1).  The  abrupt  rise  in  the  GM  rate 


Table  2.  A Comparison  of  Interplanetary  and  Polar  Proton  Fluxes 
(E  > 0.  3 MeV)  Taken  by  Explorer -35  and  OVl-17 
During  the  21  March  Solar  Flare^ 

EXPLORER  - 35  OVI  - 17 


^protons  ^ 


DATE 

U.T. 

FLUX 

U.T. 

FLUX 

POLE 

21  MARCH 

08:00 

»3.8 

— 

— 

— 

21  MARCH 

15:00 

76 

15:00 

84 

NORTH 

21  MARCH 

16:00 

104 

15:30 

170 

SOUTH 

22  MARCH 

06:00 

408 

05:45 

640 

SOUTH 

23  MARCH 

03:00 

1710 

03:30 

1280 

SOUTH 

a 2-1 

Integral  fluxes  (cm  ster-sec)  from  Explorer-35  are  30-minute  averages 
over  all  pitch  angles.  Those  from  OVl-17  are  averaged  over  the  polar  cap 
(A  > 78°)  for  pitch  angles  outside  the  loss  cone. 


W 


COUNTS  / sec 


05:40  U.T 

03:30  U.T.' 

22  MARCH  1969 

23  MARCH  1969 

SOUTH  POLE 

SOUTH  POLE 

o 12.4  keV  (x20) 
A 90.0  keV(x  10) 


GM 

so: 

ASD2-2 


A“  60  70  80  90  80  70  70  80  90  80  70 

1LT  2300  MOO  2000  1200 


Count-  rate  profiles  vs  invariant  latitude  for  protons  over 
the  South  Pole  on  22  March  and  23  March  1969.  Open  sym- 
bols represent  2-second  averages  at  12.4  keV  and  90  keV 
multiplied  by  20  and  10,  respectively.  Solid  symbols  are 
for  1 6- second  averages  of  SDl-1,  SD2-2,  and  GM  (E>212, 
E>675,  and  E>235  keV).  Electrons  (E>10  keV)  are  present 
when  GM>0, 1 SDl.  Representative  statistical  error  bars 
are  indicated.  Universal  time  and  magnetic  local  time  are 
also  given. 
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at  either  end  of  the  polar  cap  traverse  is  due  to  low-energy  magnetospheric 
electrons;  The  agreement  between  GM  and  SDl  over  the  polar  cap  is  good 
evidence  that  the  electron  contamination  is  negligible. 

The  22  March  intensity  profiles  over  the  polar  cap  are  similar 
for  the  five  representative  energy  channels  shown  in  Fig.  1.  Data  from  the 
PESA  and  URCHIN  detectors  (with  the  PESA  look  direction)  are  terminated 
when  these  instruments  begin  to  "see"  the  atmospheric  loss  cone.  This  is 
caused  by  the  slow  tumble  of  the  spacecraft.  The  protons  greater  than 
200  keV  (observed  by  the  URCHIN  detectors  oriented  180**  from  the  PESA 
look  direction)  continue  to  increase  as  the  satellite  crosses  the  polar  cap 
near  local  noon.  The  low  energy  PESA  channels  began  to  detect  auroral 
fluxes  at  A =*73®  near  midnight  and  this  data  is  omitted  from  Figure  1. 

The  polar  intensity  profiles  for  the  23  March  pass  show  increas- 
ing structure  with  decreasing  energy.  However,  only  the  lowest  channel 
show  marked  changes;  the  intensity  at  12.4  keV  rises  by  a factor  of  *3 
at  the  highest  invariant  latitude  reached  (A  » 84®)  and  thereafter  remains 
constant  as  the  satellites  moves  equatorward.  The  data  (from  instruments 
with  PESA  look  direction)  is  omitted  at  the  lower  latitudes  because  of  loss 
cone-effects. 

Differential  spectra  generated  from  averages  over  the  polar  tra- 
verses for  invariant  latitudes  greater  than  78®  are  shown  in  Figure  2 
(22  March)  and  Figure  3 (23  March).  The  solid  triangles  are  the  PESA 
measurements  from  12.4  keV  to  185  keV.  The  solid  circles  at  250  keV 
and  500  keV  are  data  from  four  URCHIN  integral  channels  obtained  in  the 
manner  described  in  the  previous  section.  Injun-5  data  are  shown  as  open 
circles  at  0.  39  MeV,  0,  54  MeV,  0.  72  MeV,  and  1.  1 MeV.  The  Injun- 5 
data  also  were  taken  over  the  South  Pole  and  within  a few  hours  of  the 
OVl-17  measurements.  The  error  bars  represent  counting  statistics  and 
include  background  subtraction  for  the  PESA  data.  The  points  represent 
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Fig.  2.  Differential  spectrum  of  0.0124  MeV  to  1,1  MeV  solar 
protons  on  22  March  1969.  The  solid  triangles  (PESA) 
and  solid  circles  (URCHIN)  are  polar  cap  averages 
(A>78°);  the  open  circles  are  Injun-5  averages  (A>75°) 
taken  4 hours  before  OVl-17  measurements.  The 
solid  line  is  a weighted  least  squares  fit  (of  the  form 
dJ/dE  = AE"”^)  to  all  points.  No  relative  normaliza- 
tion has  been  made  between  the  three  data  sets. 
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absolute  fluxes.  No  relative  normalization  has  been  made  between  the 
three  data  sets.  A single  power-law  function  is  seen  to  represent  both 
spectra  over  two  orders  of  magnitude  in  energy. 


DISCUSSION 


The  evidence  that  solar  protons  down  to  12  keV  have  access  to 
the  polar  caps  is  presented  summarily,  a)  The  polar  profiles  are  very 
similar  at  all  energies  (12  keV  to  700  keV).  However,  the  23  March 
profiles  show  some  increased  structure  at  lower  energies,  b)  The  slopes 
of  the  differential  spectra  obtained  on  22  and  23  March  are  virtually  the 
same.  The  ratio  of  the  E ^ 478  keV  proton  intensity  to  the  E ^ 320  keV 
proton  intensity  observed  on  both  days  by  Explorer-35  also  indicates  a 
similar  spectral  dependence,  c)  The  least- squares  fit  to  the  differential 
spectra  produces  a factor  of  three  increase  for  the  observed  proton  flux 
over  the  polar  cap  between  0540  UT  on  22  March  and  0330  UT  on 
23  March.  This  agrees  well  with  the  increase  seen  by  Explorer-35  in 
the  E ^ 320  keV  interplanetary  proton  intensity  for  the  same  time  period. 

The  only  interplanetary  observations  of  protons  above  solar  wind 
energy  and  below  a few  hundred  keV  were  reported  by  F rank  (1970).  He 
observed  fluxes  of  *20  keV  protons  during  two  solar  particle  events,  but 
no  detailed  correlation  of  the  low  energy  fluxes  with  the  energetic  par- 
ticles (E  ^ 1 MeV)  was  seen.  As  Frank  points  out,  one  would  expect  dif- 
ferences in  the  relative  intensities  as  a function  of  time  over  such  a large 
energy  range.  It  is  clear  that  the  correlation  observed  in  the  OVl-17 
data  between  low  and  high  energies  is  somewhat  fortuitous  and  would  not 
be  the  case  in  general.  Indeed,  a low  energy  enhancement  on  23  March 
produces  a softer  spectrum  than  had  been  observed  on  the  previous  day. 
This  behavior  is  not  unexpected;  for  example,  1 MeV  and  10  MeV  protons 
show  many  detailed  differences  during  an  event  in  spite  of  a general 
temporal  correlation. 

The  increase  of  12  keV  protons  on  23  March  at  A * 84°,  which  is 
not  observed  at  the  higher  energies,  occurs  well  above  the  trapping 
boundary  as  defined  by  the  low  energy  electrons  (A  « 76°).  It  seems 
most  probable  that  this  soft-proton  enhancement  encountered  by  OVl-17 
is  not  of  magnetospheric  origin  and  occurs  on  field  lines  accessible  to 
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solar  protons.  However,  lacking  interplanetary  intensities  at  these 
energies,  it  is  impossible  to  be  certain  of  the  origin  of  this  enhancement. 

Solar  protons  of  a few  tens  of  keV  would  provide  a useful  way  for 
studying  anisotropic  access  to  the  magnetosphere.  The  interplanetary 
proton  anisotropies  appears  to  be  larger  and  last  longer  at  the  lowest 
energies  currently  observed  (Engelman  et  al.  , 1971;  Haskell  and  Hynds, 

1971;  Van  Allen  et  al.  , 1971).  Low-energy  events  are  also  observed  to 
occur  more  frequently,  with  higher  intensities,  with  more  structure,  and 
with  longer  duration  than  those  at  higher  energies  (Singer,  1970;  Armstrong 
et  , 1970;  Ogilvie  and  Arens,  1971).  A lowering  of  the  energy  threshold 
to  » 10  keV  would  be  expected  to  continue  these  trends. 

Comparison  of  low-energy  solar  protons  with  interplanetary  mea- 
surements will  provide  useful  probes  in  determining  whether  or  not  these 
particles  (with  their  smaller  gyroradii)  have  direct  entry  through  the 
magnetotail  to  the  polar  caps.  The  rigidity  for  a 12  keV  proton  is  the 
same  as  that  for  a 4.  3 MeV  electron,  and  solar  electrons  with  energies 
a factor  of  10  lower  have  been  observed  to  populate  the  polar  caps  with 
negligible  time  delays. 

We  have  presented  evidence  for  the  presence  of  solar  protons 
down  to  12  keV  over  the  polar  caps  following  the  21  March  1969  solar 
flare.  Further  elucidation  of  the  behavior  of  these  low-energy  protons 
and  their  frequency  of  occurrence  requires  long-term  measurements 
and,  in  particular,  correlation  of  interplanetary  and  polar-cap  intensities. 
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ABSTRACT 

Variable  intensities  of  geomagnetically  trapped  protons  with  energies  between 
12.4  keV  to  500  keV  were  observed  during  times  encompassing  the  magnetic 
storms  on  20  March  and  24  March  1969.  These  proton  fluxes  were  measured 
for  1. 0 < L < 1,1  near  the  magnetic  equator,  at  local  midnight  with  solid-state 
detectors  and  an  electrostatic  analyzer  on  the  low-altitude  satellite  OVl-17. 
Marked  increases  of  proton  intensities  at  energies  below  100  keV  occurred 
during  this  magnetically  disturbed  period.  In  contrast,  proton  intensities  with 
E > 200  keV  were  observed  to  be  a relatively  stable  and  permanent  feature  of 
this  region  of  the  near-earth  magnetosphere.  The  altitude  range  for  these 
measurements  was  400  to  470  kilometers,  a region  where  the  atmospheric 
density  is  such  that  charge -exchange  lifetimes  are  comparable  with  the  bounce 
period  and  short  relative  to  the  longitudinal  drift  period.  The  OVl-17  observa- 
tions of  proton  intensities  with  E > 200  keV  are  in  substantial  agreement  with 
similar  measurements  taken  with  the  AZUR  satellite  and  reported  recently  by 
Moritz  (Zeitschrift  fiir  Geophysik,  in  press  1972).  Further,  the  lower  energy 
proton  intensities,  measured  with  OVl-17  instrumentation,  support  Moritz's 
suggestion  that  the  source  of  these  low-altitude  protons  is  the  ring  current. 

*This  paper  has  also  been  published  as  TR-0073(3260-20)-8,  The  Aerospace 
Corporation,  El  Segundo,  California  (12  January  1973)  and  in  the  J ournal  of 
Geophysical  Research  78^  1058-1062  (1973). 
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INTRODUCTION 


Observations  are  presented  and  discussed  in  this  paper  of  short-lived 
proton  fluxes  with  energies  between  12.  4 keV  and  500  keV,  These  measure- 
ments were  made  near  the  geomagnetic  equator  at  altitudes  between  400  km 
and  470  km  during  March  and  April  1969.  The  atmospheric  density  in  this 
region  of  space  is  such  that  the  protons  have  lifetimes  comparable  with  the 
bounce  period  and  short  compared  to  the  longitudinal  drift  period;  therefore, 
a continuous  strong  source  is  required  to  maintain  this  transiently-trapped 
population.  The  present  work  shows  that  the  low-altitude  protons  with  energies 
near  40  keV  exhibit  greater  variability  than  those  at  higher  energies  and  are 
correlated  with  the  growth  of  the  ring  current  during  magnetic  storms.  Maxi- 
mum intensity  variations  up  to  a factor  of  12.  5 were  observed  at  low  energies; 
while  during  the  same  time  period  protons  with  energies  greater  than  200  keV 
showed  variations  of  less  than  a factor  of  3. 

Observations  of  protons  with  energies  between  250  keV  and  1.  5 MeV  and 
in  the  same  region  of  the  magnetosphere  have  been  reported  recently  by 
Moritz  (1972)  and  Hovestadt  et  al.  (1972)  from  instruments  aboard  the  German 
research  satellite  AZUR.  Their  measurements  showed  a rather  constant  pro- 
ton intensity  at  low  altitudes  near  the  magnetic  equator.  Moritz  (1972)  has 
suggested  that  the  source  of  these  fluxes  is  the  outer-zone  proton  population. 
Briefly,  a charge-exchange  interaction  of  an  outer-zone  proton  with  the  exo- 
spheric hydrogen  results  in  a fast  neutral.  At  low  altitude  this  neutral  is  stripped 
1 and  the  resulting  proton  is  trapped  until  a third  atmospheric  interaction 
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removes  it.  The  measurements  reported  here  support  this  hypothesis  of 
Moritz. 


Intense  equatorial  fluxes  with  energies  less  than  10  keV,  observed  at  ; 

altitudes  below  800  km,  have  been  reported  by  Heikkila  (1971).  There  is  ^ 

speculation  that  these  low-energy  measurements  may  shed  light  on  previously 
reported  intense  fluxes  of  low-energy  particles  at  low  altitudes  (See  references 
in  Heikkila  (1971)).  The  question  naturally  arises  as  to  a possible  correlation 
between  these  low-energy  proton  observations  and  those  at  higher  energies 
reported  by  the  AZUR  experimenters.  The  measurements  reported  here  bridge 
the  energy  gap  between  10  keV  and  250  keV  and  indicate  that  the  fluxes  observed 
by  Heikkila  (1971)  are  much  too  intense  to  be  directly  related  with  the  OVl-17  and 
AZUR  observations. 


SATELLITE  AND  INSTRUMENTATION 


I A brief  description  of  the  particle  instrumentation  and  satellite  parameters 

j follows;  a more  detailed  description  can  be  found  in  Mizera  et  al.  (1972). 

! The  instruments  were  flown  aboard  the  OVl-17  (1969-025A)  satellite. 

I This  spacecraft  was  injected  into  an  orbit  with  a perigee  of  398  km,  an  apogee 

; of  468  km  and  an  inclination  of  99  degrees.  During  the  time  period  covered  by 

(I 

i this  paper  the  intended  gravity-gradient  stabilization  was  not  achieved  and  aspect 

I information  was  obtained  from  a three-axis  magnetometer  and  a solar  aspect 

sensor. 

I Proton  fluxes  from  12.4  keV  to  185  keV  were  measured  in  12  contiguous 

i intervals  by  a cylindrical  electrostatic  analyzer  (PESA).  The  PESA  had  a 
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geometric  factor  of  4.  7 x 10  E^  cm  -ster  where  E^  is  the  central  energy  of 
a particular  channel;  e.g.,  for  the  12.4  keV  channel,  1 count/sec  indicated  a 
differential  flux  of  1 7. 1 protons/cm  -ster-sec-keV. 

Protons  of  higher  energies  were  measured  by  an  array  of  solid-state 
j detectors  (URCHIN)  which  provided  four  integral  thresholds  of  212  keV,  310  keV, 

j 425  keV,  and  675  keV  along  three  mutually  perpendicular  axes.  Each  detector 

' had  a geometric  factor  of  4.  7 X 10  ^ cm^-ster  and  a 20  degree  conical  field  of 

[ view. 

i 

i 


RESULTS 


The  data  presentation  is  divided  chronologically  into  two  intervals  during 
1969,  th  j period  covering  the  20  and  24  March  magnetic  storms  and  that  of  the 
28  April  magnetic  storm.  The  earlier  measurements  were  obtained  when  both 
the  low-energy  (PESA)  and  medium-energy  (URCHIN)instruments  vere  operational. 
At  this  time  the  satellite  had  a random  tumble  which  prevented  a detailed  study  of 
the  proton  intensity  as  a function  of  a pitch-angle.  Pitch-angle  measurements 
taken  near  28  April  were  obtained  when  the  satellite  was  spinning  along  one  axis; 
however,  only  the  URCHIN  was  stil'  operational. 

Two  equatorial,  'ow-altitude  passes  near  local  midnight  are  presented  in 
Fig.  la  and  Ib  and  show  four-second  count-rate  averages  of  mirroring  protons 


with  energies  greater  than  212  keV.  The  former  data  were  taken  on  26  Apri’ , 


the  latter  on  28  April.  The  peak  intensity  of  these  protons  was  located  rear 
the  magnetic  equator  and  remained  relatively  constant  before,  during  and  after 
the  28  April  storm.  The  absolute  intensities  were  essentially  the  same  as  the 
intensities  greater  than  250  keV  measured  by  Moritz  (1972)  some  seven  months 
subsequent  to  the  OVl-17  observations. 

The  open  circles  in  Fig.  Ic  show  the  pitch-angle  distribution  for  protons 
with  energies  greater  than  212  keV  measured  at  the  equator  and  averaged  over 
the  time  period  from  26  April  to  30  April  1969.  The  solid  curve  is  the  pitch-angle 
distribution  predicted  by  Moritz  using  the  geometry  of  the  outer-zone  ’ow-energy 
proton  population  as  the  source.  The  open  triangles  show  the  pitch-angle 
di«tribution  that  would  result  from  an  isotropic  source  distribution  and  particle 
lifeUme  inversely  proportional  to  the  atmospheric  density  at  the  mirror  points. 
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Figure  2 shows  a time  history  of  low-altitude  protons  from  the  12.4  keV  - 
185  keV  differential  channels  and  the  212  keV  and  310  keV  integral  channels  from 


19  March  to  22  March  1969.  These  measurements  are  for  locally  mirroring 
particles,  near  the  magnetic  equator,  at  local  midnight  and  covering  times  before, 
during  and  after  the  20  March  storm.  The  sudden  commencement  occurred  around 
2000  UT  on  19  March  and  the  main  phase  began  near  0300  UT  on  20  March  when  a 
maximum  magnetic  field  depression  of  877  was  recorded.  The  first  histogram 
(shown  at  the  bottom  of  Fig.  2)disp'ays  the  quiescent  profile  prior  to  this  magnetic 
storm.  Count-rates  of  the  PESA  were  at  or  near  background  and  represent  an 
upper  limit  on  the  proton  intensities  in  the  energy  interval  of  12.  4 keV  to  185  keV. 
The  second  histogram  of  data,  taken  2 hours  after  main  phase,  shows  that 
enhancements  occurred  at  low  energies.  The  peak  count-rates  moved  to  higher 
energies  during  the  storm  recovery  up  to  a maximum  energy  near  55  keV.  There 
was  no  statistically  significant  increase  of  higher  energy  protons  throughout  this 
entire  time  period. 

A more  dramatic  example  of  enhanced  low-energy  fluxes  at  low  altitudes 
occurred  ifollowing  the  large  magnetic  storm  of  24  March  1969  when  the 
index  reached  -274  7 in  an  eight-hour  time  period.  Figure  3 shows  measurements 
taken  at  1400  UT  on  25  March  near  local  midnight,  approximately  36  hours  after 
main  phase.  Increased  count-rates  were  seen  in  all  energy  channels  relative 
to  the  quiescent  values  of  19  March,  also  shown  in  Fig.  3.  The  largest  enhance- 
ments (up  to  a factor  of  12.  5)  were  observed  for  protons  with  energies  between 
32  keV  and  90  kcV.  Higher  energy  protons,  with  energies  greater  than  212  keV 
and  310  keV,  showed  intensity  increases  of  less  than  a factor  of  3. 
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Fig.  3.  Equatorial  Proton  Count-Rates  on  19  March,  Showing 
Quiescent  Intensities,  and  on  25  March,  Showing 
Post-Storm  Intensities. 


The  differential  spectrum  of  protons  from  12.4  keV  to  500  kcV  (calculolcd 
from  the  measurements  taken  on  25  March)  is  shown  in  Pig.  4.  The  dashed 
line  through  the  points  is  drawn  to  guide  the  eye.  Included  in  this  data  are  two 
points  near  350  keV  and  700  keV  taken  from  Moritz  (1972)  and  were  obtained 
on  11  March  1970  following  a magnetic  storm  of  magnitude  similar  to  the 
24  March  1969  event. 
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DISCUSSION 


The  observationk  reported  in  this  paper  of  200  keV  protons  with 
intensities  approaching  100/cm^-ster-sec  confirm  the  results  of  Moritz 
(1972)  and  Hovestadt  et  al.  (1972)  . The  OVl-17  data  were  taken  at  relatively 
quiet  times  at  altitudes  between  400  km  and  470  km  near  the  magnetic  equator. 
These  fluxes  were  observed  to  have  anistropic  pitch-angle  distributions  peaked 
at  90^  and  are  well  represented  by  the  calculations  of  Moritz  (shown  in  Fig.  Ic) 
which  use  an  empirical  model  of  the  outer-zone  proton  population  as  the  source. 
Also  shown  in  Fig.  Ic  is  a calculated  pitch-angle  distribution  which  results 
from  a low-altitude  isotropic  source  distribution  and  by  assuming  a loss  rate 
proportional  to  the  atmospheric  density  at  the  mirror  point.  The  resulting  flat 
pitch-angle  distribution  is  due  to  the  small  changes  in  atmospheric  density  as 
a function  of  equatorial  pitch  angle  in  this  region  of  the  magnetosphere.  Thus 
the  observed  pitch-angle  distribution  results  primarily  from  the  geometry  of 
the  high-altitude  source. 

The  extension  of  the  theory  of  Moritz  (1972)  to  lower  energy  protons 

leads  to  the  prediction  that  the  low-altitude  protons  should  reflect  the  spatial 

and  temporal  behavior  of  the  ring  current.  For  example,  the  lifetime  against 

charge  exchange  of  200  keV  protons  near  410  km  is  short  compared  with  the 

gradient  drift  period:  7^  « 1.3  sec;  atomic  oxygen 

8 3 

density  of  1.2  x 10  /cm  was  taken  from  CIRA  (1965)  for  moderate  solar 

- 17  2 

activity  at  2200  LMT;  a charge-exchange  cross-section  of  10  cm  was 

taken  from  Allison  (1958).  The  gradient  drift  period  (in  minutes)  at  the 

44 

equator  is  eiven  by  with  E in  MeV  and  L in  units  of  Earth  radii,  (Hess, 


1968). 


For  the  case  of  40  keV  protons,  the  difference  between  the  charge- 


exchange  lifetime  and  this  gradient  drift  period  is  even  greater:  0.  1 sec. 

r / T > 6 X 10^. 

D 9 
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At  high  altitudes t ion-cyclotron  instabilities  appear  to  be  the  major  loss 
mechanism  for  the  storm-time  ring  current  (Cornwall  et  al.,  1971);  therefore 
the  temporal  evolution  of  the  low-altitude  protons  cannot  be  predicted  solely  by 
charge -exchange  considerations.  Nevertheless,  variability  of  the  low-altitude 
proton  fluxes  must  be  the  direct  result  of  the  ring-current  temporal  variations 
whatever  their  cause  since  the  near-earth  proton  fluxes  must  track  the  source 
with  essentially  zero  time  delay.  In  particular,  the  changes  in  the  ring  current 
known  to  occur  during  magnetic  storms  should  be  seen  at  the  low  altitudes. 

The  time  profiles  in  Fig.  2 show  that  this  variability  exists  particularly  at 
energies  near  the  peak  of  the  ring  current.  The  ion-cyclotron  instability  phe- 
nomenon, generated  by  the  enhanced  ring-current,  drives  the  equatorial  proton 
pitch-angle  distributions  towards  isotropy  (Cornwall  et  al.  , 1971)  and  therefore, 
the  geometry  of  this  source  differs  from  the  quiet-time  outer-zone  proton 
population.  Definitive  pitch-angle  measurements  at  ring-current  energies  are 
not  available  from  the  OVl-17  instrument,  but  a flatter  distribution  than  that 
measured  (Fig.  Ic)  is  predicted  and  verified  by  limited  pitch-angle  measurements 
obtained  while  the  spacecraft  was  randomly  tumbling. 

It  is  impossible  to  give  a quantitative  description  of  the  low- altitude  proton 
intensities  without  a detailed  knowledge  of  the  storm-time  ring  current.  Since 
the  charge-exchange  cross-sections  are  strongly  energy  dependent  and  are  not 
simple  functions  of  energy  over  the  range  of  interest  (12  keV  to  500  keV),  the 
energy  spectrum  of  the  energetic  neutrals  j^enerated  in  the  outer  zone  would 
not  be  simply  related  to  the  parent  proton  spectrum.  Furthermore,  the 
peak  intensity  of  the  storm-time  ring  current  will  occur,  in  general,  at  different 
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I altitudes  than  that  of  the  quiet-time  outer-zone  protons.  The  production  rate 

1 of  energetic  neutrals  is  directly  proportional  to  the  local  ambient  hydrogen 

i 

I density  which  decreases  radially  as  the  4th  or  5th  power  of  an  Earth's  radius 

near  L=3  (Meier,  1970).  In  spite  of  these  complexities;  based  on  the  quanta- 

I 

tative  analysis  delineated  by  Moritz  (1972), one  would  predict  that  the  low- 
f altitude  spectrum  should  peak  near  the  energy  region  where  the  maximum 

^ intensity  of  the  ring  current  occurs.  This  behavior  is  observed  in  the  data 

shown  in  Fig.  3 and  in  Fig.  4. 

The  magnitude  of  the  ring  current  intensity  required  to  provide  the  en- 
hanced fluxes  observed  at  low  altitudes  following  the  24  March  storm  can  be 
estimated  qualitatively  using  the  transformation  given  by  Moritz  (1972).  This 
involves  calculating  the  probability  of  neutralizing  protons  near  the  peak  of  the 

ring  current  and  stripping  the  resulting  energetic  hydrogen  atoms  near  the  point 

2 

of  observation.  The  low-altitude  flux  of  95/cm  -ster-sec- keV  at  40  keV 
measured  on  25  March  requires  a ring-current  differential  flux  of  10^  to 
10  /cm  -ster-sec-keV.  It  is  assumed  that  the  peak  of  the  energetic  neutral 
source  was  located  near  or  slightly  outside  of  the  plasmapause  [the  latter  was 
near  L = 3.  5 at  midnight  during  the  time  of  interest,  C.  R.  Chappell,  private 
communication].  The  following  relevant  parameters  were  used: 
p(H)  =2x10^  H/cm^  (Meier.  1970),  ajQ(H)  = 1.4  x lO'^^  cm^, 

= 1. 87  X 10"^^  cm^  and  aQj(O)  = 2.  01  x lO'^^  cm^  (Allison.  1968).  Taking 
into  consideration  the  assumptions  implicit  in  this  calculation,  the  result  is 
in  reasonable  agreement  with  ring-current  observations  of  Frank  (1970). 


If  the  energy  input  to  the  upper  atmosphere  (by  the  double  charge-exchange 


process)  is  to  compete  with  solar  or  auroral  energy  inputs,  extremely  large 

outer-zone  fluxes  would  be  required.  An  estimate  of  this  intensity  needed  to  provide 

2 

a low-altitude  energy  flux  of  1 erg/cm  - ster-sec  is  obtained  from  data  presented 

.4 

here.  The  maximum  energy  flux  greater  than  10  keV  was  approximately  10 
2 

ergs/cm  -ster-sec  between  20  March  to  25  March.  Increasing  this  flux  by  a 
factor  of  10^  would  require  ring-current  fluxes  approaching  10^^/cm^-ster-sec 
near  40  keV.  Thus,  the  low-altitude  equatorial  observations  (presented  here) 
‘suggest  that  high-altitude  proton  fluxes  cannot  provide  an  energy  input  to  the 
atmosphere  comparable  to  that  from  solar  or  auroral  phenomena. 


) 
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Xn.  OBSERVATIONS  OF  PRECIPITATING  PROTONS  WITH 
RING- CURRENT  ENERC2ES* 

P.  F.  Mizera 

ABSTRACT 

Precipitating  protons  with  energies  characteristic  of  the  storm-time 
ring  current  were  measured  during  all  phases  of  magnetic  activity  near 
the  low-altitude  trapping  boundary  at  midnight.  The  objective  of  this  study 
was  to  examine  the  energy  dependence  of  the  precipitating  fluxes  as  a func- 
tion of  latitude  (or  L shell)  and  relative  to  the  plasmapause  and  the  low- 
energy  isotropic  electron  enhancements  which  are  associated  with  the 
outer-zone  boundary.  The  low-energy  measurements,  taken  by  the  OVl-17 
satellite,  covered  the  time  period  from  19  March-3  April  1969-  Data, 
provided  by  the  OVl-19  spacecraft  during  the  same  time  period,  were  used 
to  extend  the  measurements  to  higher  energies  and  to  examine  pitch-angle 
distributions.  Protons  from  12.  4 keV  to  500  keV  were  observed  to  preci- 
pitate outside  of  the  plasmapause.  The  higher  energy  fluxes  peaked 
equatorward  of  the  low-energy  maximum  intensities.  Statistically,  the 
55-keV  proton  boundary  tracks  the  midnight  plasmapause  with  an  average 
poleward  displacement  of  0.  8 L>.  From  these  and  other  related  observations, 
we  conclude  that  ring- current  protons  are  in  strong  pitch- angle  diffusion  on 
closed  field  lines  between  the  midnight  plasmasphere  and  the  electron 

*Xhis  paper  has  also  been  published  as  TR-0074(4260-20)-7,  The  Aerospace 
Corporation,  El  Segundo,  California  (23  December  1973)  and  in  the  J ournal 
of  Geophysical  Research  79»  581-588  (1974). 
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trapping  boundary.  These  precipitating  fluxes  are  probably  responsible 
for  H arcs  which  are  found  at  the  low-latitude  termination  of  the  visual 
auroral  forms  during  magnetic  storms.  In  addition,  we  estimate  that  less 
than  1%  of  the  total  ring-current  energy  is  lost  by  direct  particle  precipitation. 


FIGURES 


i 
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INTRODUCTION 


The  midnight  morphology  of  precipitating  protons  with  energies 
characteristic  of  the  ring  current  is  presented  for  a series  of  magnetic 
disturbances  which  occurred  between  19  March-3  April  1969.  Most  obser- 
vations of  this  type  have  been  for  low  energies  (i.  e. , E<20  keV)  and  grouped 
under  the  generic  term  of  auroral  precipitation.  In  a survey  of  high-latitude 
particle  precipitation,  Paulikas  (1971)  has  pointed  out  that  comprehensive 
observations  of  precipitating  protons  have  been  rather  limited,  especially 
for  energies  greater  than  10-50  keV.  Some  proton  observations  have 
recently  been  presented  by  Burch  (1973)  for  E<23  keV  and  by  Amxmdsen 
et  al.  (1972)  for  E >100  keV. 

Large  spatial  and  temporal  variations  occur  in  the  outer-zone  proton 
population  during  magnetic  storms  giving  rise  to  the  asymmetric  ring  current 
(Fra.nk,  1970;  Smith  and  Hoffman,  1973).  Recently,  higher  energy  proton 
observations  suggest  that  outer-zone  trapped  fluxes  are  almost  continually 
in  weak  pitch-angle  diffusion  (Berg  and  Soraas,  1972).  However,  40-keV 
precipitating  protons  were  found  by  Cornwall  et  al.  (1971a)  with  isotropic 
angular  distributions  in  this  same  region  which  suggests  strong  pitch-angle 
diffusion.  Amundsen  et  al.  (1972)  reported  proton  angtilar  distributions  that 
change  from  anisotropic  to  isotropic  at  the  poleward  termination  of  the  fluxes 
near  midnight. 

The  earthward  termination  of  the  proton  ring  current  is  near  the  evening 
plasmapause  (Russell  and  Thorne,  1970;  Frank,  1971).  This  is  where  ion- 
cyclotron  instabilities  should  result  in  pitch-angle  scattering  of  ring-current 
protons  (Cornwall  et  al.  , 1970;  Williams  et  al.  , 1973).  Cornwall  et  al. 


pitch-angle  diffusion.  The  electromagnetic  waves  serve  as  the  interme- 
diary for  the  energy  transferred  from  the  ring-current  protons  to  the 
ionospheric  electrons.  These  in  turn  could  excite  the  atomic  oxygen  6300A 
line  which  dominates  SAR  arc  spectra.  A good  correlation  has  been 

shown  between  the  location  of  SAR  arcs  and  the  local  plasmapause  (Cole, 
1970;  Chappell  et  al.  , 1971).  In  addition.  Cole  (1965)  has  pointed  out  that 
SAR  arcs  would  be  a feasible  sink  for  the  storm  ring-current  energy  and 
the  plasmapause  has  been  shown  to  be  at  the  earthward  edge  of  the  ringf 
current  (Russell  and  Thorne.  1970;  Williams  et  al.  , 19734. 

Pci  micropulsations,  attributed  to  proton  ion-cyclotron  waves,  have 
been  shown  to  occur  inside  the  plasmapause  (Mullen  and  Heacock,  1972). 
Eather  and  Carovillano  (1971)  invoke  this  same  wave-particle  instability 
to  explain  the  proton  aurora  at  higher  latitudes.  In  a later  presentation, 
Cornwall  et  al.  (1971a)  suggested  that  observations  of  isotropic  40-keV  and 
80-keV  precipitating  protons  were  the  result  of  such  pitch-angle  scattering 
occurring  just  inside  the  plasmapause. 

The  equatorial  morphology  of  the  ring  current  has  been  discussed  in 
relation  to  the  plasmapause,  plasmasheet  and  the  electron  trapping  boun- 
dary (Frank,  1971).  The  low-latitude  trapping  boundary  has  also  been  used 
in  numerous  studies  of  electron  precipitation  (Fritz,  1970;  Koons  et  al. , 
1972;  Brown  and  Stone,  1972).  Using  similar  boundaries  as  familiar 
reference  points,  the  spatial  and  temporal  characteristics  of  precipitating 
protons  with  ring-current  energies  are  examined  near  local  midnight. 
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SATELLITES  AND  INSTRUMENTS 


Measurements  were  taken  with  instruments  on  the  OVl-17  and  OVl-19 
satellites  (1969>025A,  -025C).  Both  spacecraft  were  launched  at  0747  UT 
on  18  March  1969  into  polar  orbits  in  the  noon-midnight  meridian.  OVl-17 
was  placed  in  a nearly  circular  orbit  with  an  apogee  of  468  km  and  a 
perigee  of  398  km.  The  OVl-19  had  an  apogee  of  5796  km  and  a perigee 
of  471  km.  During  the  time  interval  from  19  March-3  April,  the  OVl-17 
spacecraft  had  a random  tumbling  motion  while  the  OVl-19  spacecraft  was 
spin  stabilized  at  8.  4 rpm. 

Most  of  the  data  presented  were  obtained  from  an  electrostatic 
analyzer  (PESA)  which  measured  protons  from  12.  4 keV  to  185  keV  in  12 
contiguous  steps  and  an  array  (URCHIN)  of  thin-window  geiger  tubes  and 
solid-state  detectors  flown  on  the  OVl-17  satellite.  A more  detailed 
description  of  the  instrvunentation  including  geometric  factors  can  be  found 
in  Mizera  et  al.  (1972). 

Normally  the  URCHIN  measured  electrons  from  E >10  keV  to  E >600 
keV  in  three  orthogonal  directions.  Because  the  geiger  tube  threshold  for 
protons  was  higher  than  the  lowest  energy  solid-state  channel,  it  was 
possible  to  discriminate  protons  from  E>212  keV  to  E>675  keV  when 
electron  fl\ixes  were  low. 

The  OVl-19  instruments  included  a differential  electron  channel  at 
92  keV  (Vampola,  1971)  and  proton  channels  at  282  keV,  436  keV  and  567 
keV  (Stevens  et  al.  , 1970).  These  measurements  were  used  to  complemer.t 
the  OVl-17  data. 


PRESENTATION  AND  DISCUSSION  OF  OBSERVATIONS 

Qualitative  features  of  precipitating  protons  with  energies  between 
12.4  to  500  keV  are  shown  for  a variety  of  magnetic  storm  conditions 
covering  times  from  19  March-3  April  1969.  The  fluxes  were  found  near 
local  midnight  at  low  altitudes  on  L shells  between  the  plasmapause  and 
the  low-latitude  termination  of  the  auroral  zones,  just  inside  the  outer 
zone  electron  trapping  boundary. 

Profiles 

A quiet-time  profile  of  precipitating  protons  taken  on  28  March  1969 
is  shown  in  Fig.  1.  The  morphology  is  illustrated  at  the  top  by  averaged 
count  rates  of  precipitating  21-keV,  55-keV  and  145-keV  protons  and  the 
location  of  the  maximum  intensity  of  precipitating  protons  with  E >212  keV. 
The  high-latitude  boundary  of  the  outer  zone  is  illustrated  by  locally  mirror 
ing  (e^^)  and  precipitating  (e||)  electrons  with  E >10  keV.  The  trapping  boun- 
dary has  been  discussed  in  detail  by  Fritz  (1970)  who  used  the  ratio  of 
precipitating  to  mirroring  electrons  with  E >40  keV.  The  40-keV  boundary 
was  also  compared  to  electrons  with  E >10  keV  by  Fritz  and  Gurnett  (1965). 
The  spectrum  softened  as  the  40-keV  boundary  was  crossed  from  low 
latitudes.  Figure  1 and  subsequent  examples  show  the  location  of  electrons 
with  E >100  keV  in  order  to  illustrate  where  the  precipitating  spectrum 
softens.  For  the  sake  of  completeness,  the  standard  40-keV  boundary  is 
estimated  between  L = 7.  0 and  7.  2 in  Fig.  1. 

The  midnight  plasmapause  is  shown  near  L = 5.  5.  This  estimate  is 
based  on  the  empirical  method  of  Chappell  (1972)  and  is  discussed  in  more 
detail  in  the  following  section.  Observationally.  the  maximum  intensity 
of  21-keV  precipitating  protons  is  fovuid  just  inside  the  low-altitude  electron 
trapping  boundary.  The  maxima  of  higher  energy  protons  are  found  on 
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Fig.  1 Count  rate  profiles  vs  L of  21-keV,  55-keV  and  145-keV  precipita- 
ting protons  for  a quiet  time  on  28  March  1969.  The  low-altitude 
trapping  boundary  near  midnight  is  shown  at  the  bottom  by  locally 
mirroring  and  precipitating  electrons  with  E >10  keV.  The  arrows 
indicate  the  plasmapause  amd  the  peak  of  precipitating  protons  with 
E >212  keV  and  precipitating  electrons  with  E >100  keV. 
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lower  L shells  with  the  highest  energy  (E>212  keV)  fluxes  observed  approxi- 
mately 0.  5 L equatorward  of  the  peak  of  the  21-keV  protons. 


The  next  two  examples  illustrate  particle  precipitation  in  this  same 
region  of  space  during  moderate  magnetic  storms.  Figure  2 shows  mea- 
surements taken  on  3 April  1969  approximately  4 hours  following  a maxi- 
mum field  depression  of  87Y  (D  ).  The  trapping  boundary  had  moved 
down  to  L 5.4  , again  illustrated  by  isotropic  electrons  with  E >10  keV. 
This  change  in  the  trapping  boundary  represents  almost  5°  in  latitude  from 
the  observations  during  the  quiescent  period,  shown  in  Fig.  1.  The  21-keV. 
precipitating  protons  maximize  at  a slightly  lower  latitude  with  similar 
average  intensities  observed  on  28  March.  However  the  storm-time 
intensities  of  the  higher  energy  protons,  illustrated  by  the  55-keV  and  145- 
keV  protons,  are  higher  than  the  quiescent  fluxes  by  more  than  a factor  of 


i 10. 

Figure  3 shows  measurements  of  precipitating  protons  taken  on  20 
March  1969  under  similar  magnetic  conditions  as  the  observations  of  3 April. 
The  index  again  reached  -87Y  some  3 1/2  hours  prior  to  these  mea.'.ure- 
I ments.  The  low-altitude  trapping  boundary  is  illustrated  by  92-keV  electrons 

I observed  with  the  OVl-19  satellite.  The  OVl-19  was  in  the  opposite  hemi- 

) sphere  near  the  conjugate  point.  Both  sets  of  observations  were  taken 

within  5 minutes  of  each  other.  The  high-latitude  outer-zone  boundary  was 
found  at  L»4.  6 near  midnight  MLT.  The  21-keV  precipitating  proton 
intensity  peaks  near  the  trapping  boundary,  again  poleward  of  the  55-keV 
^ and  145-keV  proton  maximum  intensities.  As  was  the  case  for  the  measure- 

t 

ments  taken  on  3 April  and  shown  in  Fig.  2,  the  higher  energy  proton  fluxes 
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are  much  higher  and  show  sharper  intensity  gradients  than  those  observed 
during  the  quiescent  period  of  28  March,  shown  in  Fig.  1. 

The  observations  presented  in  Figs.  1,  2,  and  3 can  be  qualitatively 
sxunmarized.  1)  Precipitating  protons  from  21  keV  to  E>212  keV  are 
located  on  L shells  between  the  plasmapause  and  the  low-altitude  trapping 
boundary.  2)  The  precipitating  fluxes  of  higher  energy  protons  maximize 
equatorward  of  those  at  the  lower  energies.  3)  The  equatorial  precipitation 
boundaries  move  to  lower  latitudes  with  increasing  magnetic  activity.  4) 
The  low-latitude  intensity  gradients  increase  as  the  boundary  moves 
equatorward. 

Pitch-Angle  Distributions 

Because  the  OVl-i7  spacecraft  was  tumbling  slowly  during  this  time 
period,  pitch-angle  information  for  the  low-energy  protons  is  not  available. 
From  data  taken  at  similar  proton  energies  and  presented  in  an  earlier 
publication  (Cornwall  et  al.  , 1971a),  it  can  be  inferred  that  the  lower 
energy  proton  fluxes  in  Figs.  1,  2,  and  3 have  isotropic  angular  distri- 
butions when  maximum  precipitating  fluxes  are  observed.  However 
measurements  taken  by  the  OVl-19  spacecraft  during  this  same  time 
period  provide  pitch-angle  distributions  of  higher  energy  protons. 

Figure  4 shows  92-keV  electron  and  282-keV  proton  fluxes  as  a func- 
tion of  time  observed  by  the  OVl-19  satellite  on  20  March  1969.  The  top 
data  set  was  previously  used  to  define  the  trapping  boundary  in  Fig.  3. 

The  OVl-19  instruments  measure  fluxes  near  90®  pitch  angle  twice  per 
spin  period  ( ~ 8 sec)  and  are  illustrated  by  the  sharp  peaks  in  Fig.  4. 

At  0®,  the  particles  are  coming  down  the  field  line;  at  180®,  they  are 
reflected.  The  maximum  precipitating  flux  of  282-keV  protons  occurs  at 
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L = 4.  3 with  an  isotropic  angular  distribution.  The  92-keV  electrons 
display  a double  loss  cone  (indicating  trapped  particles)  until  L>  » 4.  8 
when  precipitating  fluxes  begin  to  fill  the  loss  cone  at  the  trapping  boundary. 
The  observation  that  200-keV  protons  have  isotropic  pitch-angle  distribu- 
tions inside  the  92-keV  electron  trapping  boundary  suggests  strong  pitch- 
angle  scattering  on  closed  field  lines. 

Detailed  angular  distributions  of  energetic  precipitating  protons  for 
this  same  time  period  are  shown  in  Fig.  5.  Differential  fluxes  at  282  keV, 

436  keV  and  576  keV  are  plotted  versus  time  and  show  a similar  energy 
dependence  with  L as  that  found  at  lower  energies.  The  open  triangles 
indicate  where  the  maximiim  flux  in  the  loss  cone  occurred  and  the  width 
illustrates  those  particles  in  the  100  km  loss  cone.  Figure  5 also  shows 
that  200-400  keV  protons  are  isotropic  to  within  a factor  of  2 and  the  pitch- 
angle  distributions  become  less  isotropic  with  increasing  energy. 

Differential  Energy  Spectra 

Examples  of  the  differential  energy  spectra  of  precipitating  protons  are 
given  in  Fig.  6.  Because  of  the  energy  dependence  with  latitude  pre- 
viously demonstrated  in  Figs.  1,  2,  and  3;  two  spectra  are  shown.  The 
spectrum  on  the  left  was  taken  near  the  peak  of  the  21-keV  precipitating 
protons  observed  on  20  March  and  shown  in  Fig.  3.  Equatorial  fluxes 
measured  by  Williams  et  al.  (1973),  prior  to  a magnetic  storm  and  a 
typical  auroral  spectrum  (Eather  and  Carovillano,  1971)  are  shown  for 
comparison. 

The  spectrum  shown  at  the  right  of  Fig.  6 was  taken  near  the  peak 
of  the  200-keV  precipitating  protons  on  20  March.  These  data  include  the 
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Flvix  vs  time  plots  at  all  pitch  angles  for  282-keV,  436-keV  and 
567-keV  protons.  This  is  an  expanded  plot  of  the  proton  trapping 
boundary  shown  in  Fig.  4.  The  triangles  mark  where  maximum 
proton  precipitation  occurs  in  the  100  km  loss  cone  illustrated  by 
the  width  of  the  symbols. 


Fig.  6 The  solid  curves  are  differential  spectra  of  precipitating  pro- 
tons taken  on  20  March  1969.  The  open  circles  are  for  OVl-17 

measurements,  the  solid  circles  at  higher  energies  are  OVl-19 
measurements.  The  data  on  the  left  are  at  the  peak  of  the  21- 
keV  protons  at  L®4.  7.  The  data  on  the  right  are  at  the  peak  of  the 
E>212  keV  protons  at  L=4.2.  Also  shown  are  equatorial  distri- 
butions taken  by  Williams  et  al.  (1973)  for  a storm-time  ring 
current,  by  Pizzella  and  Frank  (1971)  for  averaged  quiet-time 
measurements  and  a typical  auroral  precipitation  distribution 
given  by  Eather  and  Carovillano  (1971). 
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measurements  from  the  OVl-19  satellite  shown  in  Fig.  5.  Implicit  in 
this  analysis  is  the  assumption  of  constant  pitch-angle  scattering  on  con- 
jugate field  lines  over  a 5 minute  time  period.  The  agreement  shown 
between  OVl-17  and  OVl-19  data  suggests  this  assumption  is  valid. 

Averaged  qmet  time  eqxiatorial  fl\ixes,  taken  from  Pizzella  and  Frank  (1971), 
are  shown  for  comparison. 

Conjugate  Observations 

The  data  taken  on  20  March  showed  that  proton  precipitation  was 
relatively  constant  over  a 5 minute  time  period,  at  leastforE  >200  keV. 
Figure  7 shows  that  these  conjugate  properties  at  the  trapping  boundary 
are  apparent  over  a period  of  1 hour.  The  measurements  in  the  southern 
hemisphere  were  previously  shown  in  Fig.  2.  The  top  curves  in  Fig.  7 
illustrate  mirroring  fluxes  measured  by  the  thin-window  geiger  tubes  and 
the  lowest  energy  channel  of  solid-state  detectors  on  the  OVl-17  satellite. 
The  bottom  curves  are  similar  outputs  from  sensors  looking  up  away  from 
the  earth.  Both  the  trapped  and  precipitating  count-rate  profiles  taken  in 
opposite  hemispheres  are  virtually  mirror  images  of  each  other  suggesting 
relatively  constant  pitch-angle  scattering  of  E >10-keV  electrons  and  E > 
200-keV  protons  over  a 1 hour  time  period. 

This  example  also  illustrates  the  comparison  of  the  standard  40-keV 
trapping  boundary  with  the  measurements  presented  here.  The  electron 
spectrum  shows  an  obvious  softening  toward  the  high  latitude  termination  of 
the  trapping  boundary.  This  feature  has  been  observed  by  Fritz  and 
Gurnett  (1965)  to  occur  at  the  standard  40-keV  trapping  boundary. 
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Count  rate  profiles  of  E>10-keV (solid  curves)  and  E>100-keV  (solid 
dashed  curves)  electrons  taken  in  opposite  hennispheres  on  3 April 
1969.  The  top  are  trapped  particles,  the  bottom  are  precipitating 
particles.  The  shaded  regions  show  protons  with  E>212  keV. 


SUMMARY  AND  DISCUSSION 
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A summary  of  the  salient  features  presented  in  the  previous  section 
is  listed  below: 

1)  Precipitating  protons  with  12.  4 keV <E<  500  keV  are  observed 
inside  the  low-altitude  electron  trapping  boundary  near  local  midnight  during 
all  phases  of  magnetic  activity. 

2)  The  count-rate  profiles  of  these  protons  display  a steep  low- 
latitude  boundary  which  moves  equatorward  during  magnetic  storms.  The 
peak  precipitating  fluxes  of  21-keV  protons  usually  occur  just  inside  the 
low-altitude  electron  trapping  boundary  delineated  by  sharp  isotropic 
enhancements  of  electrons  with  E >10  keV.  Higher  energy  protons  maxi- 
mize on  lower  L shells  and  with  increased  intensity  during  these  times. 

For  example,  the  ratio  of  12-keV  to  55-keV  flxixes  was  approximately  40 
for  Kp<  1 and  approached  1 for  ^p-  absolute  intensity  near  55-keV 

also  increased  during  moderate  magnetic  storms  by  factors  of  20-30. 
However  the  12  to  2I-keV  protons  did  not  show  the  same  large  enhancements 
with  increased  magnetic  activity. 

3)  The  higher  energy  protons  (E  >200  keV)  show  pitch-angle  distri- 
butions which  tend  toward  isotropy  over  the  zenith  hemisphere  at  the  peak 
of  the  precipitation.  The  results  from  Cornwall  et  al.  (1971a)  also  suggest 
that  isotropy  is  characteristic  of  lower-energy  angular  distributions  at 
the  peak  of  the  precipitation. 

4)  Precipitating  protons  with  E >200  keV  were  found  simultaneously 
(Fig.  3 and  4)  on  the  same  L shells  with  similar  intensities  in  opposite 
hemispheres  and  with  a 1 hour  delay  (Fig.  7).  The  protons  are  found  inside 
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the  trapping  boundary  which  suggests  that  a relatively  constant  source  of 
precipitating  protons  was  operating  on  closed  field  lines  for  at  least  1 hour. 

5)  The  differential  spectra  of  precipitating  protons  presented  here 
and  shown  in  Fig.  6 are  compared  with  equatorial  data.  The  OVl-17  dis- 

[ 

’ tribution  at  low  energies  agrees  well  with  a precipitation  spectrum  calcu- 

i 

lated  from  an  average  equatorial  ring-current  distribution  taken  from 
Pizzella  and  Frank  (1971).  A disturbed  ring-current  spectrum  taken  by 
Williams  et  al.  (1973)  on  the  S^-A  satellite  is  also  shown.  Both  the  OVl-17 

[ i 

I and  S -A  data  were  taken  well  outside  of  the  midnight  plasmapause.  Since 

the  OVl-17  proton  data  were  obtained  during  an  injection  event,  a disturbed 
equatorial  ring-current  distribution  is  probably  more  appropriate  for 
comparison.  However,  either  a disturbed  ring-current  distribution  with 
reduced  intensity  or  a qmescent  ring  current  with  pitch-angle  diffusion 
compares  favorably  with  OVl-17  data.  Higher  energy  protons  (E>40  keV) 
show  a spectrum  similar  in  shape  to  the  average  equatorial  distribution 
given  in  Pizzella  and  Frank  (1971).  At  high  and  low  energies,  the  preci- 
pitating intensities  are  about  a factor  of  10  lower  than  those  mirroring  at 


the  equator. 

6)  Precipitating  protons  were  observed  on  L shells  poleward  of  the 
midnight  plasmapause;  examples  were  given  in  Figs.  1,  2 and  3.  Figure  8 
shows  all  OVl-17  low* energy  precipitating  proton  observations  from  19 
March  to  3 April  1969.  The  Kp  and  indices  are  given  for  this  time 
period  and  the  arrows  between  the  two  indices  indicate  the  times  of  the 
OVl-17  measurements  presented  in  Figs.  1,  2 and  3.  The  L value  and 


the  local  time  of  the  maximum  55-keV  precipitating  flux  is  plotted  with  the 
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Fig,  8 All  of  the  55-keV  precipitating  proton  observations  from  OVl-17 
taken  during  19  March  to  3 April  1969.  The  numbers  at  the  top  of 
these  circles  indicate  the  hours  away  from  local  midnight.  The  Xs 
are  empirical  and  Os  are  measured  plasmapause  boundaries  from 
Chappell  (private  communication  1972).  SAR  arc  sightings  are  shown 
by  vertical  bars  (Hoch  and  Smith.  1971b).  Also  shown  are  K and 
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measured  and  predicted  midnight  plasmapause  (C.  R.  Chappell,  private 
communication  1972).  The  plasmapause  was  measured  by  the  Ogo-5 
spacecraft  every  2 1/2  days  during  this  time  period  and  crossed  local 
midnight  near  L = 4.  The  dynamics  of  the  plasmapause  require  temporal 
correlations  of  the  order  of  hours.  Chappell  (1972)  has  shown  that  the 
midnight  plasmapause  can  be  determined  with  a reasonable  degree  of 
confidence  using  the  prior  time  history  of  magnetic  activity  reflected  in 
K^.  Comparison  of  observed  and  empirical  plasmapause  boundaries  in 
Fig.  8 further  attests  to  the  validity  of  his  method.  SAR  arcs  reported 
during  this  time  period  are  also  shown  in  Fig.  8 (Hoch  and  Smith,  1971b). 

Using  the  observations  of  SAR  arcs  to  complement  the  plasmapause 
data,  it  is  shown  that  precipitating  protons  with  ring-current  energies  lie 
outside  of  the  plasmapause  near  midnight  during  all  phases  of  magnetic 
activity.  The  two  boundaries  also  appear  to  track  each  other  during  this 
time  period.  A linear  least-squares  fit  was  performed  on  the  low-latitude 
edge  of  the  precipitating  55-keV  protons  and  the  plasmapause  for  local 
times  within  two  hours  on  either  side  of  midnight.  The  empirical  determina- 
tion of  the  plasmapause  applies  only  to  the  well  behaved  night  side  region 
(Chappell,  1972).  However  the  shape  of  the  plasmapause  is  known  to  change 
slightly  with  local  time  over  this  four -hour  interval.  The  computed  plasma- 
pause was  corrected  from  midnight  to  the  local  time  of  the  OVl-17  measure- 
ments using  the  average  plasmapause  profile  of  Chappell  (1972).  The 
maximum  correction  was  » 0.  7L. 

The  above  analysis  gave  a slope  of  1,  an  intercept  of  0.  8Li  and  a 
standard  deviation  of  0.  12.  The  inner  boundary  of  electrons  with  £ >10  keV 
was  also  fit  to  the  plasmapause  in  the  same  way.  The  best  fit  was  obtained 
with  a slope  of  1,  an  intercept  of  1.  IL  and  a standard  deviation  of  0.  09.  In 
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the  framework  of  this  limited  data  set,  these  results  mean  that  the  cold 


plasma  boimdary  of  the  plasmasphere  and  the  hot  plasma  precipitation 
boundaries  are  well  correlated  during  all  phases  of  magnetic  activity.  In 
addition,  the  average  low-latitude  boundaries  of  precipitating  ring-current 
protons  and  10-keV  electrons  are  0.  8Li  and  1.  IL  poleward  of  the  evening 
plasmapause. 

Hoch  et  al.  (1971a)  reported  separations  of  0.  5<ALi/Re  <1.  1 between 
a SAR  arc  and  H arcs  during  a particularly  large  magnetic  storm  on  24 
March  1969.  More  typical  separations  of  1.  6L  were  found  over  a 4 year 
study  (Kleckner  and  Hoch,  1973).  Ichikawa  et  al.  (1969)  reported  a good 


correlation  of  the  relative  motion  of  the  earthward  termination  of  visual 
auroral  forms  and  SAR  arcs.  These  and  other  related  observations  suggest 
that  the  class  of  precipitating  protons  presented  here  are  responsible  for 
the  diffuse  H arcs  commonly  observed  at  the  lowest  latitudes  of  the  auroral 
zones  (Belon  et  al. , 1969).  This  observation  is  further  substantiated  by 
the  comparison  of  the  high-latitude  differential  spectrum  in  Fig.  6 with  an 
average  proton  auroral  spectrum  (Father  and  Carovillano,  1971).  The 
term  H arcs  is  perhaps  more  appropriate  to  describe  the  OVl-17  obser- 
vations than  proton  aurora.  The  spatial  extent  of  our  observations  has 
been  shown  to  be  much  more  localized  at  lower  latitudes  and  the  average 
energy  is  higher  than  is  usually  associated  with  proton  aurora. 

One  of  the  most  interesting  properties  of  similar  observations 
presented  in  Cornwall  et  al.  (1971a)  was  the  delineation  of  the  omnidirectional 

_4 

differential  flux  into  two  categories  by  a single  function  with  a L dependence 
The  two  classes  were  determined  from  the  pitch-angle  distributions  of  the 
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low-altitude  fluxes  measured  by  the  OVl-15  satellite  in  1968.  From  that 

study,  40-keV  protons  were  observed  with  isotropic  angular  distributions 

7 -4  2 -1 

when  a flux  threshold  of  6.  3 X 10  L (cm  -seo-keV)  was  exceeded. 

For  a comparison  with  the  OVl-17  observations,  we  convert  from 

the  omnidirectional  to  a directional  fliix  threshold  by  dividing  by  2rr.  For 

example  at  L = 4.  5 the  predicted  isotropic  directional  flux  threshold  at 

4 2 - 1 

40  keV  is  s2.  5 XIO  (cm  -ster-sec-keV)  The  40-keV  precipitating 

4 2 

flux  observed  near  Ij  = 4.  5 on  20  March  1969  was  w4  XlO  (cm  -ster-sec- 

keV)”^,  almost  a factor  of  2 higher  than  the  empiricail  flux  threshold  which 

separated  weak  from  strong  pitch-angle  scattering  (Cornwall  et  al.  , 1971a). 

An  indepth  discussion  of  pitch-angle  scattering  of  ring-current  protons 

is  beyond  the  scope  of  this  presentation.  However  there  has  been  a great 

deal  of  interest  recentlv  in  proton  ion-cvclotron  wave  instabilities  (Cornwall 
^ ' ““ 

et  al.  , 1970;  Bather  and  Carovillano,  1971;  Williams  et  al. , 1973;  Coroniti 

et  al. , 1972).  These  instabilities  are  predicted  when  the  particle  energy 

exceeds  the  magnetic  energy  per  particle  (Cornwall  et  al.  , 1970).  Figure  9 

shows  how  the  energy  threshold  varies  with  L for  a moderately  disturbed 

time  (Thorne  and  Kennel,  1971).  Ring-current  protons  and  ion  cyclotron  wave 

interactions  are  predicted  to  occur  at  the  plasmapause  (L»4)  and.values  greater 
than  6. 

Precipitating  protons  measured  by  OVl-17  on  3 April  and  20  March 
(Figs.  2 and  3)  are  fo\ind  on  L shells  where  the  energy  threshold  is  well 
above  the  energy  of  the  precipitating  protons  and  also  display  the  incorrect 
energy  dependence.  Figure  9 shows  that  the  higher  energy  protons  are 
equatorward  of  the  lower  energy  protons;  the  precipitating  protons  have  a 
steeper  energy  gradient  and  the  maximum  precipitation  occurs  well  outside 
of  the  plasmapause. 
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Fig,  9 The  critical  energy  threshold  for  ion-cyclotron  instabilities  is  shown 
for  a moderately  disturbed  time  (Thorne  and  Kennel,  1971).  The 
open  circles  are  OVl-17  measurements  taken  on  20  March  and  3 
April  1969,  Both  data  sets  are  for  similar  magnetically  disturbed 
times  as  that  used  for  the  calculated  threshold. 
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I These  present  results  are  in  disagreement  with  the  interpretation 

!of  previous  data  (Cornwall  et  al.  , 1971a).  In  that  paper,  precipitating 
40-keV  protons  were  assumed  to  occur  at  or  just  inside  of  the  evening 

: plasmapause.  That  interpretation  is  now  shown  to  be  incorrect  and 

i 

resulted  by  using  particle  data  and  plasmapause  measurements  separated 
' by  as  much  as  5 hours  in  local  time  near  the  knee  or  bulge  region  of  the 

I plasmasphere.  The  present  analysis  used  data  in  the  local  time  interval 

I where  the  plasmapause  behaves  in  a predictable  way  with  magnetic  activity 

[ (Chappell.  1972). 

I The  OVl-17  results  do  not  mean,  however,  that  pitch -angle  scattering 

by  ion-cyclotron  waves  cannot  occur  but  that  this  mechanism  is  not  directly 
responsible  for  the  observations  presented  here.  We  estimate  that  less 
than  1%  of  the  ring-current  energy  lost  during  the  magnetic  storm  of 
19-20  March  1969  can  be  attributed  directly  to  precipitating  protons  with 
E >12  keV.  Therefore  the  majority  of  the  energy  contained  in  the  ring 
current  must  dissipate  by  means  other  than  direct  particle  precipitation. 

Another  interesting  dicotomy  is  related  to  the  observation  of  micro- 
pulsations in  the  Pci  and  Pi  categories.  It  was  suggested  earlier  that  Pci 
events,  measured  inside  the  plasmapause,  are  the  result  of  proton  ion- 
cyclotron  waves  (Mullen  and  Heacock,  1972).  Similar  ground  measure- 
ments showed  that  Pi  observations  are  fovind  outside  the  plasmapause  and 
are  possibly  related  to  the  inner  edge  of  the  plasmasheet  (Heacock  et  al.  , 
1971).  It  is  in  this  region,  betweeh  the  plasmapause  and  the  trapping 
boundary,  where  precipitating  ring-current  protons,  with  equatorial  gyro- 
frequencies  near  those  of  Pi  micropulsations,  are  fotind  with  the  higher 
energy  fluxes  peaking  equatorward  of  those  at  lower  energy. 
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